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PREFACE 


Tur purpose of this monograph is to bring together the 
historical, experimental and theoretical accounts of that family 
of galvanomagnetic and thermomagnetic phenomena that are 
the lineal offspring of the Hall effect. 

The fact that the several effects have different signs in 
different metals has thus far received no thoroughly satis- 
factory explanation. The compilation of the results of the 
researches on these effects, and the statement of the leading. 
theories concerning the phenomena, it is hoped, may prove 
a step toward removing the one great obstacle in the way 
of a satisfactory application of the electron theory to the 
electrical and thermal phenomena in metals. 

The following paragraph from Hall’s original paper (3s) 
suggests some things that may be expected from a thorough 
and complete study of these effects in all metals: 

‘‘On the whole we cannot be sure that any relation has 
yet been detected between the magnitude of the new action 
in the various metals and any known physical property of 
those metals. It is of course possible, however, that when 
more data shall have been obtained, analogies and relations 
at present unsuspected will appear. It can hardly be doubted 
that the action we have been considering, placing at our 
command as it does, a new point of view from which to study 
the interior workings of the substances examined, is destined 


to teach us a good deal in regard to the molecular structure 
VII 
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of the bodies, while helping us toward an understanding of 
the physical nature of electricity and magnetism.” 

The investigations herein treated have already done much’ 
to cast light on the inter-atomic and intra-atomic actions in 
matter; yet much remains to be done to secure a reconcilia- 


tion of the proposed theories and the known facts. 


L. L. CampBE.t. 
Cambridge, Mass., 1928. 
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GALVANOMAGNETIC 
AND THERMOMAGNETIC EFFECTS 


INTRODUCTION 
A. GALVANOMAGNETIC EFFECTS 

If a metal plate, carrying a current of electricity, J, 
Fig. 1, is placed in a magnetic field, H, so that the lines of 
magnetic force are at right angles to the plane of the plate 
and to the direction of the flow 
of the electric current, two trans- 
verse and two longitudinal effects 
may be observed in the metal, as 
follows: 

1. A transverse galvanomag- 


netic potential difference, or a ro- 


etean te 


tation of the equipotential lines. 
For example, the rotation of the equipotential line AB to a 
new position CD, Fig. 1. This is the original Hall Effect. 

2. A transverse galvanomagnetic temperature difference at 
Aand B, Fig. 1: the Ettingshausen Effect. 

3. A longitudinal galvanomagnetic potential difference be- 
tween such points as Hand /’, Fig. 1: a change in electrical 
resistance. < 

4. A longitudinal galvanomagnetic temperature difference 
between such points as H and Ff, Fig. 1. 


B. THERMOMAGNETIC EFFECTS 

If a metal, through which is flowing a current of heat, 

is placed in a magnetic field, H, Fig. 2, so that the lines of 
magnetic force are perpendicular to the plane of the plate 
-and to the direction of flow of the heat current, two transverse 
and two longitudinal effects, analogous to the galvanomagnetic 
effects, may be observed, as igllows: 


ty 
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1. A transverse thermomagnetic potential difference be- 
tween 4 and B: the Nernst effect. 
2. A transverse thermomagnetic 
temperature difference between A 
and B, or the rotation of the iso- 
thermal line AB: the Righi- Leduc 


5 a 


Cold 


Effect. 


3. A longitudinal thermomag- 
netic potential difference between 


such points as # and F. 

4. A longitudinal thermomagnetic temperature difference 
between #] and #’: a change in thermal conductivity. 

The table below exhibits in more concise form the re- 
lations of the several effects. The literal-descriptive coefficients. 


were proposed by Hall '47)*). 


Effects Produced by a Transverse Magnetic Field 


Galvanomagnetic 


Thermomagnetic’ 


Electro-Electric 


Electro-Thermal 


Thermo-Electric 


Thermo-Thermal | 


Difference of 


Difference of 


Difference of 


Difference of 


Transversal a ctcnual.s| Demperature: Potential: Temperature: 
Ie - Ettingshausen Righi-Leduc 
; ll Eff : erns S 
Effects Hall Effect, Effect, Nernst Effect, Effect 
ele oLh nile nT pn 
| 
| Difference of : ate Difference of 
| at Potential : Difference Difference | Temperature: 
| Longitudinal Can of of Change in 
| Effects Reeeictancs: Temperature, Potential, Thermal | 
| Conductivity, 
| ele eLh nLe nLn 
| - Change in Change in Change i 
Ge lect ane 8 : oe 
Kindred e eee Peltier Effect || Thermoelectric! Temperature 
| Phenomena. | Maonetization in Magnetic Property in | in Magnetic 
| os Field Magnetic Field Field 


Some of the above effects have also been 


a longitudinal magnetic field. 


observed in 


*) The numbers in the elevated parentheses refer to titles of 
articles in the Bibliography, pp. 273 — 308. 
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CHAPTER I 
THE HALL EFFECT: TRANSVERSE, GALVANOMAGNETIC 
POTENTIAL DIFFERENCE 
1. Historical. 

Sir Wm. Thomson (Lord Kelvin) in his paper on the 
Dynamical Theory of Heat (53°), 1851, first predicted the possi- 
bility of a “rotatory power” in a metal in a magnetic field. 
In paragraphs added in 1854, occur these statements: 

“It is far from improbable that a piece of zon in a state 
of magnetization, which I have ascertained to possess different 
thermo-electric properties in different directions, may also 
possess rotatory thermo-electric power. By an experiment 
made to test its existence, which has given only negative 
results, I have ascertained that this ‘rotatory power’, if it 
exists in inductively magnetized iron at all, must be very small 
in comparison with the amount by which the thermo-electric 
power in the direction of magnetization differs from the 
thermo-electric power of the same metal not magnetized.” 

Feilitzsch 95), in 1858, made an attempt to find out 
whether a magnetic field produced any effect on a current 
of electricity. He connected to a galvanometer two coils of 
wire. The electric currents in these coils were in opposite 
directions, and were so adjusted that they caused no deflec- 
tion in the galvanometer. Near one of the coils he brought 


a third coil carrying a current of electricity, and in conse- 


aa 


17 


4 GALVANOMAGNETIC PHENOMENA 


quence setting up a magnetic field. No permanent deflection 
of the galvanometer was noticed, and no permanent action 
of one current on the other was detected. 

Mach (35°), in 1870, endeavored to discover the effect of 
an electromagnet on a current of electricity. He used a 
circular disk of sélver covered with wax. A current of electri- 
city was sent through a diameter of the disk. The silver leaf 
became heated.and the wax melted. The plate was then 
placed in a magnetic field to see if the melting became un- 
equal on the two sides of the diameter, due to the shifting of 
the current. The condition of the melted wax remained un- 
changed in the magnetic field. 

In 1874, Gore “'°) made the following experiment to see 
if a current of electricity was affected, or deflected, by a 
magnetic field: ‘ 

“T passed a powerful voltaic current through the thick 
copper wire of a large electromagnet, and then divided it 
equally between two vertical pieces of thin platinum wire of 
equal diameter and length (about six or seven centimeters), 
so as to make them equally white hot, the two wires being 
attached to two horizontal cross wires of copper. 

“On approaching the two vertical wires symmetrically 
towards the vertical face of one pole of the horizontally placed 
magnet, and at equal distances from it, so that the two down- 
ward currents in them might be equally acted upon by the 
downward and upward portions respectively of the currents 
which circulated round the magnet-pole, the one was strongly 
bent towards and the other from the pole, as was, of course, 
expected, but not the least sign of alteration of relative 
temperature of the two.wires could be perceived, thereby 
proving that not even a small proportion of the current was 
repulsed from the repelled wire or drawn into the attracted 
one, as would have occurred had the attraction and re- 
pulsion taken place, even to a moderate degree, between 
the currents themselves; and I therefore conclude that the 
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attractions and repulsions of electric conductors are not exerted 
between the currents themselves, but between the substances 
conveying them.” 

The failure of Feilitzsch, Mach, and Gore to detect the 
effect they sought was due to the fact that the methods 
employed were crude, to the fact that the effect is due to 
a secondary electromotive force, almost infinitesimally small 
compared with the primary electromotive force, and to the 
lack of sensitive galvanometers. 

In 1879, E. H. Hall @34), then a Fellow of Johns Hopkins 
University, published an article entitled, “On a New Action ~ 
of the Magnet on Electric Currents.” As a matter of historical 
interest, it seems worth while to quote several paragraphs 
from this paper. 

“Sometime during the last University year (1878), while 
I was reading Maxwell's Electricity and Magnetism in connec- 
tion with Professor Rowland’s lectures, my attention was 
particularly attracted by the following passage in Vol. II, p. 144: 
‘ft must be carefully remembered, that the mechanical force 
which urges a conductor carrying a current across the lines 
of magnetic force, acts not on the electric current, but on 
the conductor which carries it. If the conductor be a rotating 
disk or fluid it will move in obedience to this force, and this 
motion may or may not be accompanied with a change of 
position of the electric current which it carries. But if the 
current itself be free to choose any path through a fixed 
solid conductor or network of wires, then when a constant 
magnetic force is made to act on the system, the path of 
the current through the conductors is not permanently altered, 
but after certain transient phenomena, called induction cur- 
rents, have subsided, the distribution of the current will be 
found to be the same as if no magnetic force were in action. 
The only force which acts on electric currents is electromotive 
force, which must be distinguished from the Me ee force 
which is the subject of this chapter.’ 
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“This statement seemed to me contrary to the most 

natural supposition in the case, taking into account the fact 
that a wire bearing a current is affected exactly in proportion 
to the strength of the current, while the size and, in general, 
the material of the wire are matters of indifference.” 
“Soon after reading the above statement in Maxwell I 
read an article by Prof. Edlund ", entitled ‘Unipolar Induc- 
tion’, in which the author evidently assumes that a magnet 
acts upon a current in a fixed conductor just as it acts upon 
the conductor itself when free to move. 

“Finding these two authorities at variance, I brought 
the question to Prof. Rowland. He told me he doubted the 
truth of Maxwell’s statement and had some time before made 
a hasty experiment for the purpose of detecting, if possible, 
some action of the magnet on the current itself, though 
without success. Being very busy with other matters, however, 
he had no immediate intention of carrying the investigation 
further. acl 

“I now began to give the matter more attention and 
hit upon a method that seemed to promise a solution of the 
problem. I laid my plan before Prof. Rowland and asked 
whether he had any objection to my making the experiment. 
He approved of my method in the main, though suggesting” 
some very important changes in the proposed form and 
arrangement of the apparatus. The experiment proposed was 
suggested by the following: reflection: 

“Tf the current of electricity in a fixed conductor is itself 
attracted by a magnet, the current should be drawn to one 
side of the wire, and therefore the resistanee experienced 
should be increased. 

“To test this theory, a flat spiral of German silver wire 
was inclosed between two thin disks of hard rubber and the 
whole placed between the poles of an electromagnet in such 
a position that the lines of magnetic force would pass through 
the spiral at right angles to the current of electricity.” 
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After describing a series of observations, the author 
remarks: “Apparently, then, the magnet’s action caused no 
change in the resistance of the coil.” ; 

“But though conclusive, apparently, in respect to any 
change of resistance, the above experiments are not sufficient 
to prove that a magnet cannot affect an electric current. If 
electricity is assumed to be an incompressible fluid, as some 
suspect it to be, we may conceive that the current of elec- 
tricity flowing in a wire cannot be forced into one side of 
the wire or made to flow in any but a symmetrical manner. 
The magnet may tend to deflect the current without being 
able to do so. It is evident, however, that in this case there 
would exist a state of stress in the conductor, the electricity 
pressing, as it were, toward one side of the wire. Reasoning 
thus, I thought it necessary, in order to make a thorough 
investigation of the matter, to test for a difference of potential 
between points on opposite sides of the conductor. 

“This could be done by repeating the experiment formerly 
made by Prof. Rowland, and which was the following: 

“A disk or strip of metal, forming a part of an electric 
circuit, was placed between the poles of an electromagnet, 
the disk cutting across the lines of force. The two poles of 
a sensitive galvanometer were then placed in connection 
with different parts of the disk, through which an electric 
current was passing, until two nearly equipotential points 
were found. The magnet current was then turned on, 
and the galvanometer was observed, in order to detect 
any indication of a change in the relative potential of the 
two poles. 

“Owing probably to the fact that the metal disk used 
had considerable thickness, the experiment at that time failed 
to give any positive result. Prof. Rowland now advised me, 
in repeating this experiment, to use gold leaf mounted on a 
plate of glass as my metal strip. I did so, and experimenting 
as indicated above, succeeded on the 28** of October (1879) 
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in obtaining, as the effect of the magnet’s action, a decided. 
deflection of the galvanometer needle. 

“This deflection was much too large to be attributed to. 
the direct action of the magnet on the galvanometer needle, 
or to any similar cause. It was, moreover, a permanent 
deflection and therefore not to be accounted for by induction. 

“The effect was reversed when the magnet was reversed. 
It was not reversed by transferring the poles of the galvano- 
meter from one end of the strip to the other. In short, the 
phenomena observed were just such as we should expect to. 
see if the electric current were pressed, but not moved, 
toward one side of the conductor.” 

“Tt is perhaps allowable to speak of the action of the 
magnet as setting up in the strip of gold leaf a new electro- 
motive force at right angles to the primary electromotive force. 

“This new electromotive force cannot, under ordinary 
conditions, manifest itself, the circuit in which it might work 
being incomplete. When the circuit is completed by means. 
of the Thomson galvanometer, a current flows.” 

Shortly after Hall’s discovery, Rowland 4%), 1880, wrote 
as follows: ; 

“The recent discovery by Mr. Hall of a new action of 
magnetism on electric currents opens a wide field for the 
mathematician, seeing that we must now regard most of the 
equations which we have hitherto used in electromagnetism. 
as only approximate, and as applying only to some ideal 
substance which may or may not exist in nature, but which 
certainly does not include ordinary metals. But as the effect 
is. very small, probably it will always be treated as a cerrec- 
tion to the ordinary equations.” 


2. The Hail ‘Coefficient 
The total transverse electromotive force, 7, set up by a 
magnetic field, H,-in a plate P, Fig. 3, carrying an electric 
current J, is proportional to the width of the plate b, to the — 
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strength of the field H, and to the current density, J. The 
electromotive force per unit width is therefore 7 =i da Att 


which # is a constant depending on the metal, and is called 
the Hall coefficient. 
If d is the thickness of the plate, then the current density 


Sie: 

f= ce Substituting this in the above equation, we have 
ges its # 3 id. 

a and fi = Fa in which 


FE and J are in absolute units, d in 
cms., and H in gauss. The Hall 
coefficient, R, may be said to be 


the transverse difference of potential 
set up by a unit field in a plate 1 cm. Bie. 3. 
thick and carrying a unit current. 

For example, suppose a gold plate o-o1 cm thick, carrying 
a current of 2 amperes, or o:2 abs. units, is placed in a 
field of 10,000 gauss, that sets up a total transverse E.M.F. 
of o';00000T40 volt, or 140 abs. units. Then we shall. have 
for the Hall coefficient in gold, 


140 < OO! 


= 00007 Abs. E.M.F. per 


10,000 < 0°2 


gauss, per abs. unit current, per cm. thickness. 


/ 3. The Sign of the Hall Coefficient 
_/ The Hall effect may be considered as due to the rotation 
by the magnetic field of the equipotential lines in a plate 
carrying an electric current. Hall, in the researches already 
referred to, found that in ron, cobalt, xine, and antimony 
the lines were rotated in one direction; while in gold, silver, 
nickel, bismuth, tin, copper, platinum, aluminium, and magne- 
sium the lines were rotated in the opposite direction. 

The following Figs. 4 te 9 represent the convention 
introduced by Hall as.to the positive and negative Hall effects 


in metals. 
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The plate is represented by the rectangle P, the circle H 
represents the magnetic field, the direction of the Amperian 
current in the electromagnet is given by the arrowhead, J is 


Positive Hall Coefficient i 
H fe 


Fig. 9. 


the primary current through the plate, A and B are the points 
to which the secondary leads are attached, ADB®is an equi- 
potential line before the field H is on, and CD the position 
of this equipotential after the field has been put on. 

If, as in Figs. 4, 5, 6, and 7, the equipotential line CD 
is rotated in the direction of the Amperian current~ of the 


THF HALL EFFECT Tat 


magnetic field H, [the effect is said to be positive. This was 
found to be the case in tron, cobalt, and antimony. 

(If the equipotential line CD is rotated in a direction 
opposed to the Amperian current H, as in Figs. 8 and 9, the 
effect is said to be negative. Aecording to this convention, 
the effect in gold, nickel, and bismuth is negative. 

The reversal of the primary current J does not reverse 


\ 


the rotation of the equipotential line, jas shown in Figs. 4 


and 5. |The direction of the secondary current 7, is however, 
= 


\ 


reversed. ; 
(The reversal of the field H, \Figs. 4 and 6,\reverses both 


the rotation of the equipotential and the direction of the 


=e 
secondary current, 7. 


4. Angle of Rotation of Equipotential Lines 


Suppose that Fig. 10 represents a metal plate, P, in 
which the primary current J enters at Z and leaves at N. 
The current will spread out some- 
what as indicated by the curved 
stream lines. Suppose that points 
A and B are at the same poten- 
tial when the magnetic field is not 
on. When the field H is put on, 
the equipotential line AB will be 
rotated through some such angle 
as @ into a new position CD. The perpendicular CH will 
make with CD an angle @ also. 


DE 
Then tan @O = TE 
‘If a is the width of the plate, and / the distance DH, then 
tan DO = oe 
w 
The difference of potential between H and D is 


d 
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By Ohm’s law, De SoS es le 
where 7 is the resistance and J the current in the plate from 
EH to D. 

Equating the values of 7, we have 


rose If = ie ese 

d 

gee 

and therefore r= sae 
d 

If o is the specific resistance of the metal in the plate, 

then fn gl 
nrn a’ 


where a is the area of cross-section of the plate. Equating 
the values of r and putting for @ its equal w><d, we obtain 


ol RH 
weed Lie 
eee sae Rw é 
Q 
Substituting this value of 7 in 
tan O = je 
w 
we have tan © res aa RoH, 


where o is the specific conductivity of the metal. 

The meaning of this formula may become clearer, if it 
is applied to a concrete case. 

The Hall coefficient of gold may be taken as 0:0007, the 
specific resistance of gold in absolute units is 2°42 >< 103, 
Then a field of 10,000 gauss will rotate the equipotential line 
in gold through an angle given by the equation 


0'0007 < 10,000 
tan © 7 ! ; 


2425210" 
Hence ‘@'= (ro (approx): 
Since the coefficient of gold is negative, the equipotential 
line AB will be rotated 10’ in a direction opposed to that 
of the current in the electromagnet, as in Figs. 8 and 9. 
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In the uniform portion of the field, the stream lines of 
the primary current are not rotated nor distorted, hence the 


: ape : 70 : 
equipotential lines after rotation make an angle — — @ with 


the stream lines of the primary current, and are not per- 
pendicular to the. stream lines. 


5. Primary Current Lines in the Hall Effect 
While in the Hall effect the equipotential lines are rotated 
by the magnetic field, the lines of flow of the primary currents 
are not rotated. In Fig. 11, the horizontal lines represent the 


Fig. 11. I Barkep 7), 


lines of flow of the primary current, J, in the plate when 
no field is on. The vertical lines are the equipotentials. 

In Fig. 12, we have a diagram similar to those often 
found in articles on the Hall effect. In this both the stream 
lines and the equipotentials are 
rotated. This, however, is not the 
actual case. 

In Fig. 13, we have a true 
representative of the behavior of 


the stream lines and the equi- 
potentials, when the plate is in a 


Fig. 13: 


uniform magnetic field H. The 
equipotentials are rotated as indicated by the inclined lines, 
while the stream lines of the primary current are not bent 
so as to become perpendicular to the equipotentials. 

_ That the stream lines of the primary current should not 
be bent in a uniform magnetic field may be seen from the 
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following considerations suggested by Hall. verbally to the 
writer. 

Suppose that 77 and BB, Fig. 14, represent the top 
and the bottom respectively of a horizontal pipe, through 
which is flowing a constant stream of water, under a constant 
head pressure. j 

If friction and gravity are neglected, the line AD, per- 
pendicular to the stream lines, represents a line of equal 
@Pressure. The weight of the water, however, exerts a pressure 
that increases with depth, from Ato D. The result of the 
pressure impressed on the water and of the gravity pressure 
will. be that the equi-pressure line AD will be rotated to 
some such position as CG. The 


eet Coes (ug 

% gravity pressure will slightly increase 
———— oa f ; 

im s the density of the water toward 

B DAG B the side BB, but the stream lines 

Fig. 14. will not be bent so that they will 


be perpendicular to CG. 

In water the current density, however, will be slightly 
increased on the lower side of the tube, water not being an 
incompressible fluid; but in the flow of electricity nothing of 
this kind is detected. 

- The following extracts from Nature give some account 
of remarks by Sir Wm. Thomson (53, on the stream lines in 
the Hall effect, before thé American Association for the 
Advancement of Science in 1884: 

“Sir Wm. Thomson spoke of the discovery of Mr. Hall as 
being the most important made since the time of Faraday.”... 

“He showed that the mathematical examination of the 
subject indicated three relations to be investigated: first, 
the relation of thermal force to the surfaces of equal rate 
variation of temperature; second, the relation of electric current 
to the equipotential surfaces; third, the relation of the thermal 
flow to isothermal surfaces. The second of these is that 
investigated by Mr. Hall, who has found that under the ~ 


‘ THE HALL EFFECT a) 


conditions the lines of flow are mot perpendicular to the 
equipotential surfaces. There remains, therefore, ‘work for two 
more Halls’, in either proving or disproving the existence of 
analogous actions in these two other cases.” 

“Sir Wm. Thomson also suggested the following ex- 
ceedingly interesting mechanical illustration or analogue of 
Hall’s effect. Let us be living upon a table which rotates 
uniformly forever. A narrow circular canal is upon the table, 
and nearly full of water. After a while the water Will acquire: 
the same velocity of rotation as the table, and will come to 
a state of equilibrium. The outer edge of the water in the 
canal will then stand a little higher than the inner edge. Let 
us now apply a little motive force to the water, and by means 
of a pump cause it to flow in the canal in the same direction 
in which the table is rotating: it is evident that it will stand 
higher on the outer edge, and lower on the inner edge of 
the canal, than before. But, should we cause it ‘to flow in 
the opposite direction to the motion of the table, it will 
stand lower on the outer edge, and higher on the inner edge, 
than in its position of equilibrium.” . 

Corbino 9), 1915, in an article on the movement of 
electricity in a plate subjected to the action of a magnetic 
field perpendicular to the plane of the plate, maintained that 
the equipotential lines, or the stream. lines of the primary 
current, or both, which originally formed an orthogonal system, 
are so deformed that an isoclinic system is produced throughout 
the plate. 

Volterra 5°, 1915, and Righi “5?), 1915, followed Corbino’s 
discussion with more elaborate mathematical treatment. They 
claimed that the current density is shifted by the action of 
the magnetic field on the primary current in“the plate; in 
other. words, that the electrons or ions are deflected and 
crowded toward one side of the plate, electrolyte, or dis- 


charge tube. 
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CHAPTER II 
METHODS OF DETERMINING THE HALL EFFECT 


1. Hall’s Original Method 
The following paragraphs from a second paper by Hall 35), 
1880, will best give an account of the method followed in 
his classic experiment. 
“On the same page of the ‘Galvanismus’ which treats 
of the research by Mach, as mentioned above, Wiedemann 
describes, as a means of showing that no action takes place 


Picwns: 


between permanent electric currents as such, almost the exact 
arrangement of apparatus with which the discovery was finally 
made. Who first used this apparatus for this purpose I cannot 
say, unless it may have been Wiedemann himself. The same 
plan was hit upon by Professor Rowland, quite independently 
I believe, and he experimented to some extent in this direc- 
tion in 1876. The same arrangement was finally adopted by 
me, after another method of attacking the problem had been 
unsuccessfully tried.” 

The following is a description by Hall of the apparatus 
used by him in the discovery of the Hall effect. Figure 15 
is a reproduction of the diagram given in his paper, but it 
is not a picture of the original plate: 
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“In Fig. 15, which is about one-half the actual size of 
‘an ordinary plate, g,g,g,g represents the plate of glass upon 
which the metal strip 22, m,m,m is mounted. Contact with 
this strip is made at the ends by the two thick blocks of 
brass b, b, which are held firmly in place by the four brass 
‘clamps worked by means: of the screws S, S, S, S. The main 
current of electricity enters and leaves the metal strip by 
means of the binding screws e, e. Running out. from the 
middle of this strip are two projections which make contact 
with the clamps C,, C,, worked by the screws S,,,S,. From 
the screws 7, 7, wires lead to the Thomson galvanometer. The 
projections from the metal strip just alluded to make the 
apparatus very easy to adjust, for by scraping off little particles 
from the proper part of the projections, while the current is . 
allowed to run through the metal strip, the current through 
the Thomson galvanometer may be reduced to the extent 
‘desired. 

“In ordinary experiments such a plate as that. just 
described is placed between the poles of the magnet in such 
a position that the direction of magnetic force would be 
represented by a perpendicular to the plane of the paper in 
the above drawing. 

“With this arrangement a permanent deflection of about 
30 cm, on the scale before the Thomson galvanometer could 
be obtained by reversal of the magnetic current.” .... “This 
experiment, then, shows our main fact, viz.: that in a con- 
ductor subjected to the given conditions a permanent electro- 
motive force is at once established which has a direction 
perpendicular to the direction of the magnetic force and 
perpendicular to the direction of the primary current in the 


conductor.” 
2. Hall’s Bath Method 


To eliminate thermoelectric effects due to inequalities of 
temperature in the plate of metal, Hall (4, 1885, used a tank 
filled with water, in which the plate was immersed. A hori- 


2 
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zontal cross-section of this tank, 7, 7, is shown in Fig. 16. 
The tank was placed between the poles P, P, of the electro- 
magnet. Sometimes during the investigation water was kept 
running into and out of the tank, at other times the water 
remained at rest. 

The use of the tank necessitated a different method of 
sending the primary current through the plate. The current I” 
was led to and from the plate by means of brass strips b, B, 
Fig. 17. These strips were soldered to the plate. Small wires, 


Fig. 16. Ricemins 


w,w, were soldered to the arms, a, a. The notches ce, ¢, were 
filed until the points a, a, were practically of the same potential, 
when the primary current was flowing and the magnetic field 
was not on. The metal and brass strips were fastened to a 
glass plate by means of a rosin and bees-wax cement, and 
the whole thoroughly covered with the cement and made 
water tight. The plate thus mounted was placed vertically 
in the tank between the poles of the electromagnet. 


3. Righi’s Method 


Righi “4, 1883, in determining the Hall effect, did away 
with the lateral electrodes used by Hall. He split the plate, 
P, as shown in Fig. 18. The primary current J was led by 
a wire into one end of the plate, and this current was led 
from the plate by two wires w, w, to a differential galvano- 
meter, G. The divided current circulated in opposite direc- 
tions in the galvanometer coils. The ends of the plate, A, B, C). 


METHODS OF DETERMINING THE HALL EFFECT 19 


were covered with tin foil, and to this were attached the 


lead wires. 


By means of adjustable resistances the deflection of the 


galvanometer was made null when the magnetic field was 


not on. When the magnetic field was thrown on, the current 


in one of the w wires was increased, while that in the other 


was diminished, and this difference was indicated by a de- 


flection of the galvanometer. Ettingshausen (8) has shown that 


the deflection of the galvanometer 
indicated only one half of the true 
Hall effect. 

Righi, using a plate of bismuth 
0079 mm. thick, found the Hall 
effect in that metal 5000 or 6000 
times as great as that in gold. The 
effect was so large that when the 
plate was placed at right angles 
to the field of a permanent bar 
magnet, the galvanometer gave a 
permanent deflection of about 50 cm. 

Righi mounted a plate of bas- 
muth as shown in Fig. 19, so that 
the plate and holder could be 
rotated in a horizontal and in a 


hig. 10. 


vertical plane, about a clamp N. When the plate was 
vertical and normal to the magnetic meridian, the earth’s 
magnetic force caused a deflection of the galvanometer of 
about 9 mm. When the plate was inclined so as to be per- 


2* 
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pendicular to the earth’s magnetic lines of force, a deflection 
of about 12 mm. resulted. 

In addition to the split plate, Righi used plates such as’ 
those indicated in Figs. 20 and 21. With those plates he 


A B B 
oe 
C C 
Bice. 


Fig. 20. 

obtained results in accord with those found with the cruciform 
and split plates. Righi’s method has the merit that small plates 
and plates of irregular shape may be used. The method, 
however, is probably not a very accurate one, and can be 
used to advantage only where the Hall effect is large. 


4. Leduc’s Capillary Electrometer Method 


Leduc %'5), in 1884, in determining the Hall effect, used 
a capillary electrometer in place of the ordinary galvanometer. 
The Hall electromotive force was determined by the method 
of compensation. 


5. Ettingshausen and Nernst Method 


In addition to the regular Hall rectangular type of plate, 
Ettingshausen and Nernst “74, 1886, used semi-circular and 
circular plates in their study of the Hall effect in gold and 
bismuth. The semi-circular piece of bismuth, Bz, Fig. 22, 
was fastened to a semi-circular ringplate of copper, Ow. The 
primary current J entered and left by large electrodes A 
and 6, so that the stream lines of the current in the plate 
were radial. From the Hall electrodes a and b small wires 
led off. If the distances of the electrodes a and b from the 
centre were small compared with the radius of the large circle 
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and large in comparison with the radius of the electrode 4A, 
then, as Boltzmann 5) has pointed out, the formula for the 
Hall coefficient R will be the same as that for the usual 
rectangular plate. 

In the case of the circular plate, Fig. 23, the bismuth, 
Bi, was cut radially from A to D, leaving a narrow slot. 
A complete copper ringplate surrounded the. Bi plate, the 
primary electrodes were A and B, and the Hall electrodes 
were a and b. If the latter electrodes are located with respect 
to A as noted in the case of the semi-circular plate, the usual 
formula for R holds for this type of plate also. 


Fig. 22. : Hic. 


It would seem that the only advantage of circular plates 
is that.a more uniform and symmetrical field may thereby be 
secured throughout the metal examined. Van Everdingen 75), 
1896, found that the Hall effect in bismuth, under the same 
conditions, was smaller in round than in rectangular plates. 


6. Condenser Discharge Method 

Ettingshausen and Nernst ‘74, 1886, measured the Hall 
effect in bismuth and tellarium by sending the discharge from 
a condenser through the plate while it was in a magnetic 
field. The condenser was charged by 100 cells of a Planté 
battery of 200 volts. The Hall current was measured by 
means of a ballistic galvanometer. The results agreed well 
with those found by the direct current method. 

Moretto ‘378), rg00, also employed the condenser method 
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in determining the Hall effect in bismuth. The Hall current 
was measured by the Cardani alkalimetric method, p. 23. 
Since the discharge current was damped by the resistance in 
the voltameter cells, the current was probably not oscillatory. 
The Hall current seemed independent of the capacity of the 
condenser and the length of the spark gap. 


7. Lebret’s Method 

In the method devised by Lebret 6"), 1895, for measuring 
the Hall effect, the current from the secondary electrodes, 
C, D, is led through one set of coils in a differential galvano- 
_ meter, G, Fig. 24, while the primary current J is shunted at 
Land M, and a portion of 
the main current is sent 
through another set of coils 
in the galvanometer in the 
opposite direction. By means 
of an adjustable resistance R, 


the shunted current is made 

Mig. 24. to counteract the Hall cur- 

rent, so that the deflection 

of the galvanometer is zero. The above method was modified 

by having a ‘“‘by-current” wire with variable resistance, leading 

from some point outside of Z—M on the primary current 

to the galvanometer, in order to counteract the _ initial 
difference of potential at the secondary electrodes. 

Lebret claimed that his method, since the primary current 
is only closed for an instant, eliminated errors due to thermo- 
electric currents set up by the heating effects of the primary 
current in other methods. 

Van Everdingen (775 ese.) used Lebret’s first method in his 
extended work on the Hall effect, but pointed out that the 
second “‘by-current” method was not altogether accurate, since 
it introduced an error due to the change in resistance of the 
plate when the magnetic field was thrown on. 
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8. Moretto’s Method 

The method employed by Moretto (7), rgoo, differs from 
'‘Righi’s only in that the divided primary current, J, after 
leaving the plate, passed through electrolytic cells, or volta- 
meters, V,,V,, Fig. 25, and the strengths of the two partial 
currents J,, J,, were measured by an alkalimetric process. 

When the plate was 
in the magnetic field, the 
‘partial current J, would 
be increased and J, di- 
‘minished, or vice versa, 
and in consequence there 


would be more electroly- Fig. 25. 

tic action in one volta- 

meter than in the other, and this difference would be pro- 
‘portional to the Hall effect. 

‘The alkalimetric method of measuring the currents J, 
and J,, used by Moretto, is due to Cardani (1°), 

This method of measuring the Hall effect is probably 
not a very accurate one, for the reason that the error in 
determining the current through each voltameter may be very 
appreciable, and since the Hall effect depends on the diffe- 
rence of these two currents, the magnitude of this effect as 
computed may be in error by many per cent. 


9. Barlow's Method 

When a metal plate, carrying an electric and a heat 
current, is placed in a transverse magnetic field, a difference 
-of potential, H, is set up at the 
secondary electrodes, A and B, 
‘Fig. 26, due in part to the Hall, 
effect, R, and in part to the Nernst 
-effect, Q (p. 212), and we have 
; RHI dt 


= Sere + QHb,, 
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in which dl is the temperature gradient in the plate. Barlow “),. 


1903, in his method, kept the ends of the plate at a constant 


dt 
( 


difference of temperature, and sent an electric current in such 
a direction and of such a strength that the Hall and Nernst 


potentials were opposite and equal. Then # =O, and 


RHI dt 
se. | ‘ 
oe Aa ea 


) TOG Oe Ce at ug £ 
pence Pie epee sal ede Maes Loe eae 


as : dt 
is the current density. The quantities 7 and dl can be 


measured directly, and = can be found from these values. 
uv 


Barlow found the following results for antiomony and: 
bismuth. In the case of antimony, the electric and heat 
currents flowed through the plate in opposite directions, since 
in antimony the Hall and Nernst effects have the same signs: 
In bismuth the two currents were in the same. direction. 


| lat dt ee zs Temperature Q 
| dl bd R 
Antimony | 9130 LOp Ge o'82 44° C. | + 00817 
Bismuth | 9030 meee 0°99 50 — 0081 
" 9030 185 eS 42 —0'085 


If either Y or R is known, the other coefficient may be 
found. 


10. Kolacek’s Method 

The method adopted by Kolatek 9%), 1904, for measuring 
the Hall effect, was as follows: The primary current J entered 
and left the plate through heavy copper wires O, O, Fig. 27. 
One Hall electrode led off from A, the middle of the upper 
edge of the plate, while two secondary electrodes B and D, 
were placed equidistant from M, the middle of the lower edge 
of the plate. The wires from B and D were connected to 
a rheostat, S, which was so adjusted that no current flowed | 
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through the galvanometer G, when the magnetic field was 
not on. 

Novak and Mackti 5%), 1908, showed that the Hall current 
decreased as the distance between the wires at B and D 
increased, and that when the wires were placed at the lower 


Pig, 27. 


corners ¢ and d, the effect sank to ore half. Raus (425), 1Q10, 
confirmed this fact, that the Hall current depended on the 
distance between Band D. Later Kolatek (1. c.) showed from 
theoretical considerations that, if the primary electrodes are 
point ones and are fastened to the corners a and 4, the Hall 


effect will be independent of the distance between 6 and DP) 
Raus (I. c.) placed fine bismuth wires along the edges of the 
plate at c, e, B, D, f, d, A, Fig. 28, and the primary electrodes 
at a and b. He found that the Hall effect was the same, 
whether wires B and D, e and f, or ¢ and d were joined 
‘together. Thus Koldtek’s theory was confirmed. 


11. Potentiometer Method 
4 
The potentiometer method used by many investigators 
is outlined in simple form in Fig, 29.| The difference of 
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potential set up by the magnetic field at the Hall electrodes 
A and B is compensated by the E.M.F. of a standard cell S, 
so that no current flows through the galvanometer G. The 
compensating E.M. FI. is read from the potentiometer, | not 
shown in detail in the diagram above. / The potentiometer null- 
; method has much to recom- 
mend it. Since no current 
flows from the electrodes 
AWB. no Peltier effects set 
up at these points, and the 
thermoelectric current set 
up by the Peltier difference 
of temperature is therefore 
-eliminated. Also the stream lines of the primary current 


Fig.290. ° 


are not distorted by the wandering of a secondary current 
through the plate. 

4 This method also eliminates error due to uncertainty of 
_the resistance of the secondary circuit. 

Of course this method does not eliminate the error due 
to the superposition of the Ettingshausen effect on the Hall 
effect. The former effect must be determined separately, see 
p. 146, and subtracted from the sum of the two effects. 


12. Alternating Current Method 

Des Coudres 33), 1900, determined the Hall effect in 
bismuth by means of an alternating current, J, Fig. 30, which 
traversed at the same time both the metal plate and the 
electromagnet. Thus the reversal of 
the current in the plate and in the 
electromagnet were simultaneous. 
Consequently the difference in 
potential at the Hall electrodes, 
A, B, did not change sign, and 
a direct current flowed through 
Fig. 3o. the galvanometer G. In order to 
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keep the current in the plate and in the magnet in the same 
phase no iron was used in the circuit. Hence only low 
magnetic fields could be obtained. Des Coudres developed 
the following expression for the Hall effect determined by 
the alternating current method: 


in which d is the thickness of the eee FE the difference of 
potential at the secondary electrodes, J the primary current 
through the plate, and C the strength of the field when 
10 amperes pass through the coils of the electromagnet. The 
above expression is independent of the frequency and form 
of the curve of the primary current. In the table below are 
given the Hall effects as determined by Des Coudres with a 
frequency of 50 per sec. 


Hall Effect with Alternating Current 


| | | | | 
Metal Gees R | Metal a oe | R 
= — Pat ——— - — 

m ae oe — 1 Ale ei) isaac a: 
| Bismuth . = 274) —4 6 | Tin | ya — 0'000013 

Copper ..|- — | —o'0o0o07 | Mercury . | — 0°60052 

| 
Aluminium | = — | — 0°00019 | i oe ee | — | — 0'00124 


Von Traubenberg (545), in 1905, determined the Hall effeet 
in bismuth with an alternating current of 60 cycles per sec. 
He found that the effect agreed in magnitude with that de- 
termined by other methods. 

Zahn ©), in 1911, pointed out that Des Coudres’ method 
was not suited for high frequency currents, since such currents 
set up induced currents in the plate and bring about differences 
of temperature at the Hall electrodes, and in consequence 

thermoelectric currents are superposed on the Hall current. 
Zahn found that the Hall effect in bismuth and antimony 
determined by the Des Coudres method was smaller than 
that found by the direct current method. This difference he 
attributed to the fact that the former method eliminated the 
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temperature difference at the secondary electrodes, that is, 
the Ettingshausen effect, p. 146, which in the direct current 
method is superposed on the Hall effect. In the Des Coudres 
method, when the frequency is not too high, the secondary 
electrodes A and B, Fig. 30, are equally heated, and an 
tsothermal Hall effect is the 
result 

Zahn’s results were in. 
accord with Gans’ 7°) theory, 
p. 94- 

Smith “olin Tore win 
commenting on the method 
of Des Coudres said: ‘If the 
Hall effect is caused by the 
deflection of the electrons in 


the metal in some such way 
as the *‘cathode=rays™ are 
deflected by a _ transverse 
magnetic field, the electrons 
in the plate would always be 
deflected in the same way, 
since the magnetic field and 


the current in the plate al- 

Fig. 31. ternate simultaneously. If 

for this or any other reason 

an appreciable time is required to build up the Hall electro- 

motive force at the electrodes, the method of Des Coudres 
is not adapted to detect this fact.’ 

To avoid this objection, Smith modified the method by 
having the direction of the magnetic field remain constant, 
while the current through the plate alternated. The Hall 
E.M.F. therefore was an alternating one. 

In Fig. 31 there is an outline of the apparatus used by 
Smith. The alternating currents were obtained from two 
Duddell arcs, X and Y, in parallel. The besmuth plate, W—VJ,. 
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was placed in the secondary circuit, that contained a self- 
induction coil, 1, and a condenser, A. The high frequency 
currents were measured by a hot wire ammeter A,. The 
frequency of the current was varied by changing L and K. 
The Hall current was measured by a Duddell thermal galvano- 
meter. The table below gives the results of Smith’s deter- 
minations in a field of 12,500 gauss. 


Hall Ejfect in Bismuth at High Frequencies 


Plate | Method | Current Frequency R 
A | Potentiometer | 3°58 amp. fe) —277 
Duddell Galv. | 3°58 oO 2S 
3°60 60 2°75 
3°45 30,000 2°73 (2°73) 
s 4°00 50,000 2 Tale 2e7Q) 
RA | 3°65 120,000 2°74 -(2°5Q) 
B Potentiometer | 3°50 fe) 2°47 
Duddell Galv. 3°50 (e) 2°46 
3°48 60 2°46 
j : 3°60 30,000 2°47 (2°46) 
3°80 50,000 2°50 (2°47) 
3°60 120,000 BiA7 (2°33) 


— 


The above results show that the Hall effect is independent 
-of the frequency of the alternating current through the plate, 
and that the magnitude of the effect is the same for the 


alternating and direct current methods. " 


13. Hall Effect in a Circular Piate 

Volterra 5®), 1915, showed from theoretical considerations, 
that if a current of electricity, 7, Fig. 32, enters a circular 
metal plate by a point electrode at A, and leaves the plate 
by a point electrode B, each electrode being situated at the 
perimeter of the plate, then the difference of potential set up 
by a magnetic field between the equipotential points Cand H 
‘is the same as that set up between the equipotential points 
D and F, and also the difference in potential set up by the 


} 
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field between J and # and between C and F’ will be equal. 
The points H and F, and (and PD are on stream lines of 
the primary current, and # and (, and D and F are on 
equipotential lines. 

Alimenti 9, in 1915 and 1916, tested experimentally the 
validity of Volterra’s theorem of the four vertices, or prin- 
ciple of reciprocity. 

The primary current entered and left the circular plate 
of bismuth by point electrodes at A and B, Fig. 33, situated 


at the middle points of two radii perpendicular to each other. 
; 


Fig. 32. lehilay, ee 


The points C, D, and EH, F, are respectively two generic 
points of two curves that belong to the reciprocal points of 
A and B. 

The table below gives the results of the measurements 
of the difference in potential between the points C, D, E, F, 
taken two and two. This difference is represented by 0 when 


the magnetic field is on in one direction, and by 6° when the 


field is reversed. The Hall effect is given in terms of nese 


Bicld hc, Bield\—= FY é” ae 
CD 574116 57a LOM Hil pte — 0) 
wir 560°307 560°307 as — ) 
DE '557°800 557803 342 246 48 
OC, F 559°094 559°808 435 339 48 
C, # 553°326 551443 227 108 50°5 
D, F 566'450, |  566°5690 116 —3 59°5 
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The difference of potential between D and F is the same 
as that between Cand F’ and the difference between Cand # 
and between D and F’ is the.same. Thus Volterra’s theorem 
of the four vertices, or the principle of reciprocity, is confirmed. 
Bordonaro \%), 1915, also confirmed experimentally this 
principle of reciprocity. He pointed out the necessity of 
having all point-electrodes. When strip or clamp electrodes 
are used, internal currents flow round in the metal, and the 
superposition of these currents on the original current increases 
the energy consumed by the Joule effect, and a global 
resistance is the result, and the true value of the Hall effect 
cannot be measured. 


14. Errors in Determining the Hall Effect 

1. Length of Plate. If the metal plate is short and the 
metal clamps at the ends of the plate are within the magnetic. 
field, the Hall effect becomes complicated. 

Ettingshausen and Nernst "74 in 1886 investigated the 
influence of the length of the plate upon the magnitude of 
the Hall effect in bismuth. They found the effect to be less 
in short plates. The table below gives the results for various 
lengths of the plate, which was originally 7 cm. long and 
I'14 cm. wide. The plate was kept the same width, and was. 
cut to the indicated ratios of length to width, /:b. 


Hall Effect in Bismuth 


| aD 65 cee | Tse 


| = 


R | e269 | sake RN et AL | 


These investigators advocated the use of plates in which 
the -ratioses:o iseatl least “3 22;vand>. better 2 21: 

Hall in 1888 (43) measured the Hall effect in two strips. 
of steel, one about 8 cm. long and 2 cm. wide, the other 
it cm. long and 2 cm. wide. The effect in the short strip 


was about 20°/, less than in the longer one. 


bo 
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The smaller Hall effect in the short plate is due to the 
fact that all the Hall current does not flow through the | 
secondary electrodes, a portion ,of the current leaking back 
through the plate to the primary clamps. 

In a very short plate an appreciable temperature gradient 
may be set up in consequence of the Peltier effect at the 
junctions of the plate and the primary lead wires or clamps. 
In this case the Hall effect becomes complicated with the 
thermomagnetic effects. 

2. Thermoelectric Currents. The magnetic field sets up in 
the plate a difference of temperature at the secondary electrodes, 
the Ettingshausen effect, p.146. If, as is usually the case, the 
secondary lead wires are of a metal different from that of 
the plate, a thermoelectromotive force will be superposed on 
the Hall difference of potential. In all Hall effects determined 
prior to the discovery of the Ettingshausen effect in 1886, 
as well as in some later determinations, no allowance for this 
latter effect was made. However, the E.M.F. arising from 
the Ettingshausen effect is usually small compared with the 
Hall effect, so that the error due to ignoring the first effect 
is small. The Ettingshausen effect may be largely eliminated 
as an influence on the Hall effect by using secondary lead 
wires of the same material as the plate. However, there will 
always be a slight difference in the thermoelectric properties 
of the wire and plate, and hence a small thermoelectric current 
will be superposed on the Hall current. The bath method, 
and the alternating current method eliminate in whole or in 
part the error due to the Ettingshausen effect. The better 
way is to measure this latter effect direct, and then correct 
the Hall effect for it. 

3. Location of Hall Electrodes. If the secondary elec- 
trodes are not at equipotential points, that is, if one 
electrode is in advance of the other, small longitudinal 
effects will be introduced. Errors due to this condition are 
eliminated by reversal of the magnetic field, since the Hall 


ne 
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etfect is reversed with the field, while the longitudinal effects 
are not. ' 

4. Nature of Hall Electrodes. La Rosa and De Luca (439, 
1918, measured the Hall effect in a thin plate of platinwm 
shaving in turn secondary electrodes of bismuth, copper, 
platinwm, and antimony. The magnitude and sign of the effect 
varied with the nature of the electrodes. The change from 
the normal effect was too great to be accounted for by. the 
thermoelectric current set up by the Ettingshausen difference 
of temperature at the edges of the plate. 

The authors attributed this change in the Hall effect to 
a new difference of electron concentration at the two junctions 
-of the secondary electrodes with the plate, set up by the 
magnetic field. 

When the junctions of the electrodes are at the same 
temperature and no field is on, there will be a difference of 
electronic concentration and pressure at the two junctions, 
but the two differences in pressure will be equal and in 
opposite direction, and consequently no current flows. When 
the magnetic field is thrown on, an unequal difference in 
electron concentration is set up, and in consequence a current 
is superposed on the Hall current. 

5. Location of the Plate. In the case of magnetic metals, 
an error may be introduced by strains produced in the plate 
by the magnetic field. This error may be eliminated by placing 
the plate snugly against one plane-faced pole of the electro- 
magnet. The pole of course should be covered with insulating 
‘material. : 

6. Thickness of the Plate. The inability to determine 
accurately the thickness of a plate, especially if very thin, 
introduces an error. The thickness of a plate that is not 
perfectly smooth cannot be measured accurately by means 
of calipers. The determination of the thickness by the method 
of weighing is not always accurate, since the density used 


wumay be an assumed one. 
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In the Gane of thin metallic films, the method of finding: 
the thickness from the electrical resistance is open to error, 
since the resistance of thin films, as pointed out by Ettings- 
hausen (67), Longden 337’, Sir J. J. Thomson S?, and others, 
does not follow the law that holds for thick portions of metal. - 

7. Impurities in the Plate. The presence in the metal 
of impurities affects very materially the magnitude of the Hall 
effect. The discrepancies in the results of different investi- 
gators is doubtless often due to varying quantities of impuri- 
ties in the metal studied. 

8. Other Sources of Error. In addition to errors due to: 
observation and to mechanical causes, thermal currents due 
to inherent lack of uniformity of temperature in the plate 
and electrodes, change in property of metal due to soldering, 
induced currents set up in the secondary circuit by a changing 
magnetic field, changes of resistance and temperature and 
thermoelectric height in the magnetic field may introduce 
errors in the measurements of the Hall effect. 

Note. The several sources of error above mentioned 
affect more or less the determination of all the effects herein. 
treated. 


CHAPTER III 
NWEMRAIDOINS (Ole AMSN2, IBC NILIG, Wee 


1. Variation of the Hall Effect with Current Density 
In general the Hall electromotive force varies directly as. 
the primary current and inversely as the thickness of the 
plate, and is independent of the cross-section area of the plate. 
Hall 43), 1888, observed that the Hall coefficient was 
independent of the area of cross-section of the plate in the 
case of non-magnetic metals, while in the ferromagnetic metals, 
the coefficient depended greatly upon the cross-sectional 
area, and was greater in thicker specimens. This is due to. 
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the fact that the magnetic induction, to which the effect is 
proportional, is greater in a plate whose thickness is large 
compared with its width. 

Moretto ‘378), 1900, investigated the dependence of the 
Hall coefficient on the current density in gold and bismuth. 
The gold sheet used was o'o0000088 mm. thick. It was found 
that for currents greater than o-4 ampere, the Hall coefficient 
was constant, while for currents less than o'4 ampere, the 
coefficient increased. The effect was measured by the Cardani 
alkalimetric method. Since this method is probably not very 
reliable, some doubt may rest on Moretto’s conclusions. 

Moreau (375), 1g01, measured the Hall effect in very thin 
films of szlver deposited by electrolysis on glass, and in nickel 
deposited on‘silver films. The table below gives the results 


for silver. 
Hall Effect in Films of Silver 
£ . 7 a 7 Siri ie 
| Thickness i ie 102) aI Thickness Pe See 
l : 
13010 &mm.| — 5770 i 67 =< Io. ° mm. — 713 
12] | 5°90 | 61 797 | 
105 6°07 || 49 9°25 
86 F372] 48 ieee a cece: 
76 685 | 44 12°57 


The above table shows that as the thickness of the film 
decreases the Hall coefficient increases. For thicknesses down 
to 50 millionths mm., Moreau proposed the following formulae: 


aaa! 


For selver —_ ; 
; 21 60% 212 53<.107-7)’ 


— _ eS d 
30 (d — 23 < 1077) 


in which d is the thickness of the film in cm. In each case 


For nickel, . R= 


d 


R increases as d decreases. 
* For thicknesses below 0000044 mm.,’ the Hall coefficient 


diminished rapidly. 


o 
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Instead of the usual formula for the Hall effect, Moreau 
proposed the expression 
RHI 


Fes d—d,’ 


where d is the thickness of the plate, and d, the critical 
thickness; For’ ‘silver, d, = 25 =< 10-7 ‘em.,.-and” fors nickel 
G= 23 10-7 cll: 

Moreau explained the variation of R with the thickness 
of the plate as due to the influence of transition layers of 
silver and glass, and silver and air, at the boundaries of the 
plate. Vincent 557), 1900, measured the resistance of films of 
silver between o and 170 wu, and found that the resistance 
increased as the thickness decreased, in a manner similar to 
tthe variation of the Hall effect in very thin films. Moreau 
also measured the resistance of thin films and found that 
e was constant. Since tan @ = ites and : is constant, the 


S 


angle of rotation of the equipotential lines is independent of 
the thickness of the film, so long as H is constant. 


Patterson (°4), 1901, confirmed the results of Moreau. 


Sir J. J. Thomson %?”, rgor, showed from theoretical con- 
siderations that the specific resistance of thin films should be 
a function of the thickness. 


McKay &5»), 1904, studied the relation of the Hall effect 
to the current density in gold leaf, and came to the conclusion 
that there was an apparent slight increase in the coefficient. 
This, he thought, may have been due to experimental error, 
‘or to stresses set up in the gold leaf by the electric current, 
which heated the plate and caused the paraffin and cement 
about the gold to expand. 

In 1921, Stewart 6°7) and Wait %) claimed that the Hall 
coefficient was independent of the current density in. sélver 
films chemically deposited, although the specific resistance of 
the films was several hundred times that of bulk silver. 
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2. Variation of the Hall Effect with the Magnetic Field 

In general, for weak fields, the Hall effect is proportional 
to the strength of the field, while for strong fields, the 
proportionality does not always hold, especially in the case 
of the ferromagnetic metals, and in the highly crystalline me- 
tals bismuth and antimony. ‘RH 

Hall @37), 1881, found 
that the effect in neckel began 
to fall off when a field of 6 
about 5000 units had been 
reached. In higher fields the 
effect seemed to reach a 2 


saturation value, as shown 


; : : : 0 - 

in Fig. 34, in which Rx H 4000 8000 12000 
is plotted on an arbitrary Fig. 34. 

scale. 


Ettingshausen and Nernst 73), 1887, examined the change 
in the Hall effect in besmuth with the magnetic field. The 
results of their investigation are given in the table below. 


Hall Effect in Bismuth 


Eh | 2650 | 2520 3640 | 6080 | 8170 | 9830 | II 100 
LE 


— 540 | — 4°95 


From the above it is seen that the Hall effect coefficient 
in bismuth falls off steadily as the field increases. 

The same investigators found that, in lsmuth alloyed 
with 1°46°/, of tém, the Hall coeff- Dycm 
cient decreased as the field in- 


Ag 
creased, and that between 6000 40 
. and 7000 gauss the effect became Au 
zero and then changed sign. 20 
The Hall effect in gold and 
. =! * 7 (303 H 
sileer was found by Kundt %°), 9 1000 3000 3000 


1893, to be directly proportional Fig. 35. 
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to the field strength, as shown in Fig. 35. The deflection D 
of the galvanometer, which is proportional to the Hall effect, 
is plotted against the field strength, /. 

The variation of the Hall effect in 20m, néchel and cobalt 
with field strength was also determined by Kundt. The curves 
in Fig. 360 exhibit this variation. 

The effect in each metal approached a saturation value 
in higher fields. The effect varied as the magnetization and 
not as the field strength. 

To Kundt is usually given the credit of first pointing 
out, in 1893, that the Hall effect in ferromagnetic metals 


D|Cm 


1000 2000 0 1000 2000 
Fig. 36. 


should vary as the intensity of magnetization and not as the 
strength of the magnetic field. Kundt %°?-3) allowed polarized 
light to pass through thin transparent films of zron, nickel 
and cobalt, and found that the rotation of the plane of 
polarization in the magnetic field and the Hall effect, in fields 
up to 22,000 gauss, were proportional to each other. He 
assumed that the rotation of the polarized light was pro- 
portional to the magnetization, and then argued that the Hall 
effect likewise should be proportional to the magnetization. 
Hall (43), however, had already in 1888, in a paper on 
the Hall effect in iron, cobalt and nickel, written: ‘“When a 
piece of tron, cobalt, or nickel is made to approach the state 
of ‘magnetic saturation’, the transverse current [Hall effect}: 
obtained from it increases somewhat less rapidly than the 
magnetic induction through the metal, but experiments with | 
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very highly magnetized iron and nickel indicate that this 
‘transverse current tends towards a fixed limit. rather than a 
maximum followed by a decline.” 

Van Everdingen "83, 1899, measured the Hall effect in 
bismuth through a considerable range of field strength and 
of temperature. The curves in 
Fig. 37 show that at low tempera- 
tures the effect decreases in higher 
fields more rapidly than at higher 
temperatures. 

Baker 4°, 1902, found that 
the Hall coefficient for gold was 


‘constant for fields from 12 up to 3000 S000 
21,000 gauss. , Pic 378 
Lownds (344-5), 1903, measured 
the Hall effect, at various temperatures and field strengths, 
in a plate of besmuth cut from a crystal so that the main 
crystallographic axis was parallel to the length of the plate. 
The table below shows that the Hall effect decreases as 
the field increases, but contrary to Van Everdingen’s results, 
the effect is greater at high than at low temperatures, and 
at — 186°C. the effect has a positive sign as shown below. 


Hall Effect in Bismuth 


Primary Current || to Primary Current | to 
Crystal Axis Crystal Axis 
Temperature] 16° C. | — 79° C. | —186° C.} 16°C. | — 79° C.| — 186°C. 
| Field R R R R R R 
| 2120 aes ae 9'60 : + 104 Cae 10°4 — 7°85 + 889 
3120 —113| —602 | + o13 ||—10'1 — 561 + 7°62 | 
3500 |—11'4| —s5 02 | + 885 /— 997| —481 | +751 
4980 —103| —316 | + 7°88 ||— 9g 02| — 238 +651 


In all cases in the above table the Hall effect is larger 
when the primary current is parallel to the principal axis of 
the crystal. 
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The following tables give the variation of the Hall effect 
in antimony and bismuth with the change in magnetic field; 
as determined at 21°59 C. by Barlow “4, 1g03. 


Hall Effect in Antimony 


| | 
| Field | R Kiel R 
l= i = — 
140 | + 026 (?) 8190 = 0°201 
720 O21 10200 O'1909 | 
1750 | 0°21 19200 o189 
4310 0'208 24700 0186 


Hall Effect in Bismuth 


| 
| Field | R | Field | R 
2000 | — 38 | 8000 | aay, 7 
4000 Bs 10000 2A 
| 6000 113°O 11000 2°3 


In each metal the effect falls off with increase of field. 
Zahn (9), 1904, observed that in fields of over 8000 gauss. 
there was a slight falling off in the Hall coefficient for antimony. 
The Hall coefficient for ¢vom was found by Barlow “4 to 
fall off at higher fields and to reach a saturation value in a 
field cofn25,000/gauss, jatwe2° © 
On the other hand Zahn (9) 
12 found that the Hall coefficient for 
wron and nickel decreased in fields 


Rig 


above 4000 gauss, as shown by 
the curves in Fig. 38. 


7090800012000 The Hall effect in eon, neckel 

Fig. 38. and cobalt was determined by 

Smith “48°, 1910, for various fields 

and temperatures. The curves, in the Figs. 39 and 40, show 
that in general the Hall E.M.F. in ¢ran and nickel is pro- 

portional to the field strength, until the maximum intensity: 
of magnetization is approached, which is different for different 
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suavaneseatasazaree 


Fig. 40. Nickel. 
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temperatures. After magnetic saturation, the values of the 
E.M.F. seem to become constant. 

For cobalt the Hall E.M.F. varied very much as was the 
~case for iron and nickel. 


Summary. 

In general, the Hall coefficient in besmauth and antimony 
decreases in higher fields and seems to approach a limiting 
value. 

In the ferromagnetic metals, the Hall coefficient increases 
rapidly at first, and then approaches a saturation value in 
higher fields. 

In all other metals thus far examined the coefficient is 
practically independent of the field. 


3. Variation of the Hall Effect with the Direction of the Magnetic Field: 
Dissymmetry 


Lebret "4), 1895, Van Aubel 5), 1895, Van Everdingen “7°-7), 
1901, and others observed that the Hall effect in besmuth 
changed its magnitude when the magnetic field was reversed. 
Lebret employed a circular plate of bismuth to which he 
attached four electrodes. Turning the plate in its own plane, 
‘he found one position in which the dissymmetry disappeared. 
From a consideration of Goldhammer’s 4) equations for the 
Hall effect, Lebret showed that, if the primary electrodes are 
fastened to the plate in the direction of the principal axis, 
all dissymmetry should disappear. This was found to be true. 

The dissymmetry in the Hall effect appears to be inti- 
mately ‘connected with the fact that the resistance of bismuth 
in a magnetic field is different in two directions perpendicular 
to each other. This dissymmetry also seems dependent on 
the crystalline structure of the metal. The plates used by 
Van Everdingen were made from cast bismuth that had cooled 
very slowly, and possessed a very uniform crystalline structure. 
In these plates the dissymmetry was. very pronounced, while 
‘in electrolytic bismuth, the dissymmetry was very small. 
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Lebret found that the dissymmetry_ in weak fields in- 
creased a little more slowly than the square of the field, and 
for stronger fields the dissymmetry increased faster than the 
first power of the field. Van Everdingen noted that the dis- 
symmetry decreased rapidly with rise of temperature, and more 
rapidly than the Hall effect. 

In bismuth sulphide Van Aubel 9), 1903, found that the 
dissymmetry in the Hall effect was fairly large and varied 
with the position of the plate in the magnetic field. 

The dissymmetry in the Hall effect in besmuth was de- 
termined by Becquerel 57), 1912, at 20°C., in fields up to 
about 9000 gauss. Curve I, Fig. 41, Elo‘veces 
gives the variation of the effect when 12 
the field is in one direction, while 


6 
Curve II represents the effect when 0 THAbL 
6 


the field is reversed. There is a 
decided dissymmetry in the curves. 12 
One has changed sign. at about jg 
6000 gauss, while the other apparently 


Pig. AI. 


would change sign above 10,000 gauss. 

Van Everdingen 7°), 1901, observed a small dissymmetry 
in the Hall effect in antimony. In telluriwm, Wold 4, 1916, 
found a dissymmetry which was proportional to the square 
of the field strength, and proportional to the longitudinal 
change of resistance. This seems to confirm the theory of 
Lebret. and Van Everdingen, that the dissymmetry in the Hall 
effect is due to a change of resistance in the magnetic field. 

It seems probable that a dissymmetry in the Hall effect 
may be found in any metal that is highly crystalline, and not 


of the isometric system. 


4. Reversal of the Hall Effect in the Magnetic Field 


Ettingshausen and Nernst “73), 1887, found that on the 
addition of 1 to 6°/, of tén to bismuth the Hall effect changed 
sign in a field of 11,000 gauss. 
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Beattie 48), 1895, discovered that in thin plates of besmuth 
the Hall effect changed from a negative to a positive value 
in fields from 60 to roo gauss. In thick bismuth plates the 
effect did not change sign in any field employed. 

Van Everdingen (*, 1900, observed that in one of 
his plates, cut from a bismuth crystal, the Hall effect was 
negative when the principal axis was perpendicular to the 
lines of force in fields of 2900 to 5000 gauss, and that the 
effect had a positive sign when the axis was parallel to the 
lines of force. 

The inversion of the Hall effect in bismuth at 20° C. was 
observed by Becquerel (7), 1912, and is shown in Fig. 41, 
above. At —190°C. the inversion was found by Becquerel 


E10 vette to take place in weaker 


fields, as shown by Curve I 
in Fig. 42. In higher fields 
the effect became linear and 
positive. Becquerel supposed 
that the observed effect 
represented by Curve I, was 


a Ce Ge ———— 
2000 4000 6000 


I 
the resultant of two effects, 


one positive and linear, re- 


Fig. 42. 


presented by Curve II, and 
one negative, Curve III, which reached a saturation value 
for fields above 3000 gauss. This saturation effect suggests 
a molecular orientation under the influence of the magnetic 
field, while the linear positive component is in accord 
with the theory that the Hall effect is due, in part at 
least, to the motion of free electrons under electric and 
magnetic forces. _ 

Reversals, similar to that observed by Becquere in bis- 
muth, were noted by Smith “9, 1917, in bismath-lead alloys 
containing 3°/,, 5°/,, and 10°/, of lead. In each case the 
effect reached a negative maximum, changed sign, and yea 
linear in higher fields. 
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5. Variation of the Hall Effect with Temperature 
a. Ferromagnetic Metals. Hall (241), 1885, in a summary 
of an account of the determination of the Hall effect in certain 
~ metals, says: “A fall of 1° C. in temperature causes in the 
R. P. (rotational power) of 


Tron a fall of 2/3°/) approx. 
Steel, soft eat DENS ” 

St pkemmered: Seine | fol ois ” 
Cobalt oan prcet ver TS 
Nickel et eke 


These values apply to temperatures from 0° to 30°C. 

The change in the Hall effect was studied over a wider 
range of temperature by Clough and Hall “), 1892. The 
curves in Fig. 43 show that the R 
effect in steel, S, seems to fall 60 
off slightly beyond 300° C, 
while the effect in ‘nzckel 40 
reaches a maximum. at about 
200° C., and then falls off 20 
rapidly and seems to approach 


zero - above. 350°C... The--pe- .. 9 
culiar behavior of the effect in 
nickel, the authors attributed 
to the reversal of the “specific heat of electricity’ in the 
neighborhood of 200°C., and to the falling off in the per- 
meability of nickel near 200°C. They also called attention 


Fig. 43. 


to the fact that the temperature-permeability curves of nickel 
bear a striking resemblance to the Hall effect curve. The 
Hall coefficient R in Fig. 43 is plotted on a relative scale, 
not absolute. 

Zahn and Schmidt ©), 1907, studied the Hall effect in 
Heusler magnetic alloys, and found that the effect changed 
with temperature, from —186° to 23°C., much as it does 
in‘the regular ferromagnetic metals. 

The curves in Fig. 44 give the change in the Hall effect 


> 
» 


~~ 
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with temperature in dvon and nickel as determined by Frey °°, 
1908. The effect in iron reaches a maximum at about 650° C., 
while in nickel the maximum occurs between 250° and 300° C. 


R10 : Rio 
5+ Fe Ni45 


0 
500 1000°C, 


The Curie points for iron and nickel are respectively 775° 
and 360° C., and it would seem that the maximum effect 
and the Curie point are intimately related. 


Pome els Tee oes 
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Smith 489, 1910, determined the Hall effect in cron, nickel 
and cobalt, through a wide range of temperature. The curves 
in. Figs. 45 and 46 exhibit maxima somewhat similar to those 
found by the preceding investigators. 

The maximum effects, as seen from the above Figs. 45 
and 46, occur at temperatures above those found by Clough 
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and Hall, and by Frey. This difference may be due to 
impurities in the metals, or to different physical properties. 


“a X 108 


800 7 


of the specimens used. The curve for cobalt was of the same: 
general character as those for iron and nickel. 
The Hall effect in nickel was determined at very low 


temperatures by Onnes and Beckman (39°, 1912. The curves. 


4 
l4r R10 


6000 12000 


in Fig. 47 show that the effect is less at low temperatures,. 
and that at the lower temperatures the effect is more nearly 
linear. The ‘values of R are given in the table below. 

* Alterthum &?-3), rg12, also determined the Hall effect in 
tron and nickel at very low temperatures, from —253°C. to 
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Hall Effect am Nickel 


j 
290°5° Abs. 90° Abs. 20°3° Abs. 14°5° Abs. 


H | R>x10!| BH | Rx<10!| @ | Rx<x0t| HH. | Rx108 


3010 | — 62°4 2980 | — 9°83 2970 |— 4°98 | 4040 | — 5°06 
Bile Ole OOrs 4950 9°25 5640 5°08 | 8250 5°15 
7260 547) 7290 865 7260 4°86 ||10270 | 505 
9065 47°6 QIIO 8°36 8250 4°05 
10270 43°7 10400 7°08 10270 4°68 


189°C. The variation of the effect with temperature differs 
from the results of others in that the effect first decreases 
from —253° C. to about —200° C., and then increases, Fig. 48. 


Summary. 

In general, the Hall coefficient in the ferromagnetic metals 
increases with temperature to a maximum in the neigborhood 
of the Curie point, then decreases rapidly, becomes very 
small at high temperatures, and would seem to approach zero 
at the melting point of the metal. 


b. Non-Magnetic Metals. Hall @, 1885, stated that, 
between the temperatures 0° and 30°C., the Hall effect in 
copper, xine, gold, antimony, and bismuth apparently increased 
slightiy with fall in temperature. 

Bismuth. Leduc (35), 1884, observed that the Hall effect 
in bismuth fell off about 0°39°/, per 1° C. rise in temperature, 
and that the effect in selver diminished 04 to 0°5°/, per 1° C. 
increase in temperature. : 

Ettingshausen and Nernst (74), 1887, measured the change 
in the Hall effect in bismuth with change in temperature, 
with the following result: | 


Temperature | GG: | 21° C. | 99° C. | 


i 


Drude and Nernst 54), 1891, obtained the following values 
for the Hall effect in besmath, at several temperatures. The 
effect at 14°C. is taken as unity. 
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| Temperature | TALS | Too NC, | ARG. 
| | 


ae 1°00 Te3 | 0°23 


In this case the effect increased, and then decreased with 
tise in temperature. 

The variation of the Hall effect with temperature in 
bismuth, as determined by Lebret 5, 1895, is shown by 
the curve in Fig. 49. The _j99,R 


coefficient R is plotted on 
an arbitrary scale. The effect ee 
reaches a maximum at about 60 
o° C., then decreases. 

The curves in Fig. 50 
exhibit the change of the 0 


Hall effect with temperature " 
: : ai 8 25 : 
in bismuth as measured by as 
Van Everdingen “3, 1900, at temperatures from about 91° 


Abs. to 373° Abs. These curves show that the effect falls off 


R 1000. 
2000 
Sir 3000 
4000 
5000 Bi 
\.. 
0 ; 3 
100 200 300 400°Abs. 
Fig. 50. 


at first rapidly with increase in temperature in all fields, and 
they indicate that the effect approaches zero as the melting 
point of bismuth is reached. 
-Lownds (344, 1901, measured the Hall effect in a bismuth 
4 
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crystal (cut parallel to its crystallographic axis), at temperatures 
22 786% Geos 70 0 Gy cand a1 O0FG 

Curves I and II, Fig. 51, exhibit the change in the effect 
with temperature, when the primary current was respectively 
parallel and perpendicular to the crystal axis. The field was 
4980 gauss. These curves resemble 
the lefthand continuation of the 
Lebret curve, sPig.46, 

The change in the Hall effect 
in bismuth between temperatures 
15° and the melting point 270° C. 
was measured by von Trauben- 
berg (548), 1905. 

The effect was found to fall 
toward zero as the melting point 


Fig. 51. 


was approached. 

Onnes and Beckman (395), 1912, made extensive investi- 
gations of the variation of the Hall effect in besmath at tem- 
peratures of liquid air, liquid hydrogen, and at lower tem- 
peratures. The Hall effect, R, in one plate of compressed 
electrolytic bismuth; Nowill, at ==252-7° Givwas: tounduto. 
approach 100, the largest value yet obtained. In the table 
below it is seen, that at this extremely low temperature the 
Hall effect increases, while at ordinary temperatures the effect 
decreases, with field strength. 


Hall Effect in Bismuth at — 252°7° C. 


186 | 2850 } 4700 | 6675 | $275 | 10160 | T1100 | 12220 | 


— 99°4 t = 005 


R | — 86°6 | — 90°7 | ="93"°S hia OS'S a 00 


In another plate of bismuth, cut from a crystal and placed 
in the field so that its principal axis was perpendicular to the 
magnetic lines of force, the above investigators found that 
the Hall effect became positive at the temperature of liquid 
hydrogen. 


~ 
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The results are given in the table below. In this plate 


the effect diminished with increase in field at both temperatures. 


Hall Effect in Bismuth Crystal 


To Ge 
A 2010 3740 | 5870 8250 10270 
R — 9°05 — 818 — 6'58 — SII — 4°31 
= 20977 
7 | 
H 1850 | 3700 5800 8700 11080 
R | +972 | +703 | +579 | +502 | +479 


These results show the great difference between the 
behavior of crystal bismuth and electrolytic bismuth in a 
‘magnetic field. 

Becquerel’s idea, p. 44, that the Hall effect is made up 
of two components, was tested by the above observers. They 
compared the observed values of RH with those computed 
from the equation 


BR>< H = aH -+- b. ; 
The plate they used was an electrolytic one. They found 
a= 543, and 6=42>10%. The term J, which was negative 
at ordinary temperatures, became positive at liquid hydrogen 
temperature. The following results seem to lend a certain 


confirmation to Becquerel’s theory. 


Hall Effect in Bismuth 


A RH Obs. | RH Cale.|| H RH Obs. | RH Cale. 
3450 | 230><10° | 229>< 10% || 9880 | 583><10° | 582>< 10° | 
5660 | 350 352 11090 | 647°5 647 
eT LOO mAs iT 434 12090 | 700 702 
8520 | 503 507 
Tellurium. The Hall effect in tellwreum is large, and 


the variation of the effect with temperature exhibits some 


interesting peculiarities. The effect was found by Ettingshausen 
and Nernst 74), 1886, to decrease with rise in temperature. 
4* 


Un 
to 
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Onnes and Beckman (397), 1913, measured the Hall effect 
in telluwriwm at ordinary and at very low temperatures. The 
results are given in the table below. . 


Hall Effect in Tellurium 


H | Temperature} 17° C. | — 184°C. | —252°7° C.| —258'5°C.|# eres 
3750| Plate I + 39°1 = | + 43°1 = ied 

H | Temperature| 18° C. | — 184°C. | —252°7° C.| —258'5° c.| 
3720 | Plate II + 1855} + 210°5 | + 214°5 + 211 I'l | 


The effect increases as the temperature falls. While the 
values of effects for the two plates vary widely, the ratio 
R 20°/ R 290° Abs. is practically constant. The effect seemed 
600} | to be constant for all 

fields. However, for 

very low temperatures, 

there appeared to be 

ays tendency, / for "the 

300 Te effect to diminish with 
stronger fields. 

The Hall effect in 

tellurtum from 20°3° to 

366° C. was measured 


: by ‘Smith? 499, gor: 
200 400°C. 


erates The curve in Fig. 52 


gives the variation of 
the effect with temperature. The effect falls off rapidly 
with rise in temperature, until 180° C. is reached. Then 
the effect decreases very slowly until the temperature is 
slightly above 270° C., when the effect suddenly rises to 
twice its former value, then slowly decreases. This abrupt 
change in the effect was attributed by Smith to the fact that 
tellurium, as pointed out by Haken 33), rg10, exists in two 
crystalline forms. One of the forms is stable below 350° C., 
while the other is stable above that temperature: In the 
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tellurium used by Smith the transformation temperature 
seems to be in the neighborhood of 2759 C. This was 
attributed to the tellurium being a mixture of the two cry- 
stalline forms. 

The variation of the Hall effect in ted/wrtwm with tem- 
perature was also determined by: Wold 4), 1916. He found, 
as indicated in the curve in Fig. 53, that-the effect KF (in 
microvolts) decreased rapidly with temperature, then changed 
sign, reached a negative maximum, decreased to zero again, 
became positive with a small value, which diminished at higher 
temperatures. Wold suggested that this peculiar behavior of 
the effect in tellurium is due to the presence of a mixture 
of the @ and f crystalline pp 


forms of the metal, and 
+ 2000 


1000 


that the-@ form has a 


negative Hall effect, while 
300 400°C, 


the @ form has a positive 
one, and that at certain 
temperatures the positive 
effect predominates, while eae 
at others the negative is 

the greater. An analysis of the metal showed it to be very 
pure. Hence the peculiar variation of the effect cannot be 
attributed to the presence of impurities. 

So long as the temperature remained constant, the effect 
was found to be independent of the magnetic field up to 
12,000 gauss. 

Wold endeavored to find the Hall effect in liquid tellurium, 
but without result. In finely powdered tellurium, in a form 
that approached the amorphous state, the effect was very 
small. These facts suggested to him that crystalline structure 
is essential to the presence of the Hall effect in metals. It 
is true that the effect in the highly crystalline metals, bismuth, 
antimony and tellurium is much greater than in the practically 
non-crystalline metals gold, platinum and copper. 
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Antimony. Drude and Nernst “54, 1891, observed that 
the Hall effect in antimony decreased with rising temperature. 
Calling the effect at 17°C. unity, at. 210° it was 0°78, and 
dt 250° 0-72. 

Zahn (9), 1904, found that antimony had a negative Hall 
temperature coefficient of —o0017. 

The following table, showing the variation of the Hall 
effect in antimony with temperature, is due to Barlow “4), 1903. 


Hall Effect in Antimony 


| Field | 186° Cs = 76°.C, | sare? Cal weer! | 

| sail z. 

| 2750 °|. =bora63,, | S-o724990| ovary — | 

| 3960 0252 0°243 OZ — | 
j | 6160 0.245 G235 0°209 + 0°203 | 

i 


The effect falls off gradually with rise in temperature, as 
well as with increase in field strength. 

The Hall effect in antimony was determined at still lower 
temperatures by Alterthum “?~3), 1912, with the following results: 


i} 


1253. Ge | == 190° Cx ~|) Sazann, | esc. | 


eae | + 0'163 | + o'140 | + 0'125 | 


From — 253°C. to —190° C. there is an increase in the 
effect, then a steady decrease in the effect with rise in tem- 
perature. The latter variation of the effect is in accord with 
the determinations of Barlow above. 

Becquerel, Matout and Wright %*, 1913, found that the 
effect in anlumony at liquid air temperature was greater than 
at ordinary temperature. The effect was measured in plates 
cut from crystals of antimony. In some cases the magnetic 
field was parallel and in others perpendicular to the principal 
crystal axis. The effect at liquid air temperature, when plotted 
against the field strength, exhibited some peculiarities. The 
curves in each case consisted of two straight line portions, 
connected by a curve of inflection. The curves cannot be 
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resolved into two simple components as in the case of bis- 
muth, Fig. 42. 

In general the Hall coefficient in bésmuth, telluriwn and 
antimony decreases with temperature from 0° C. to the melting 
point of the metal. At the latter temperature the effect would 
seem to be zero. At low temperatures Mismuth may change 
sign and become positive, and with increase in temperature 
pass through a negative maximum. 

Other Non- Magnetic Metals. The Hall coefficient in the 
non-magnetic metals not already treated varies very little with 
change in temperature. 

Zahn °°9), 1914, working at temperatures between that of 
the room and 100° C., detected no change in the Hall effect 
with temperature in Co, Cu, Ir, Pd, Pt, Ag, Zn, C, brass, 
constantan, and German silver. 

In 1908, Frey @°), employing the alternating current 
method, found that the Hall effect in platinum increased slowly 
from 100° to 1500°C.; that the effect in x7ne between 80° 
and 400° C. decreased slightly to a minimum, and _ slowly 
returned to its original value; that the effect in gold was 
practically constant from 130° to 840° C.; and that the effect 
in manganin was nearly constant between 150° and 800° C. 

The table below gives the change of the Hall effect with 
temperature as determined by Smith 4%, roro, in several 


non-magnetic metals. 


Change of Hall Effect with Temperature 


Metal | Tempera- R Metalit- | tempera= R 
ture ture 
Platinum | — 190°C.) — 2'22><107*|| Gold . . .| —190°C.| — 7:25><1074 
a + 23° | —2'02 i Oe gies? bh 7:04 
Copper .| — 190° — 65 Zine ...|— 190° | + 10°9 
” s + 23° Se 4 ” Cah te 25° ae 6°3 
Palladium| — 190° — 10°9 Aluminium} — 190° — 1°92 
- +- 23° | — 86 | f ae 28s eins 29 
Silver © 2. =~ LOO (at 0:2 
ee ala. 23th ol 
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The effect in all the above metals, except aluminium, 
diminishes with rise in temperature. The effect at — 190° C. 
was found to be independent of the field strength. 

The changes of the Hall effect in gold, selver, copper, and 
palladium at very low temperatures were determined by Onnes 
and Beckman %95', 1912, and are given in the following table. 


Hall Hjfect at Low Temperatures 


Temperature Gold | Silver Copper Palladium 
1GpEs — 7°24><10-*| — 8'00><10— *| — 4°92><10 *| —6'75><10 #4 
— 252'7° 981 10°14 6°62 13°68 
| — 258'5°? 9°82 | 9°91 6°56 13°85 | 


In general the effect increases with fall in temperature. 
This change takes place chiefly between liquid air temperature, 
—190°C., and liquid hydrogen temperature, —252°7° C. 
Below the latter temperature, the effect is practically constant. 


R10 
Cu 
8 Au 
Sb 
4 : 
Al SS eens 


Pt 


150 300°A bs. 
Fig. 54. 


The curves in Fig. 54 exhibit the variation of the Hall 
effect with temperature, as determined by Alterthum (2-3), 
1912, in gold, cadmium, aluminium, copper, antimony and 
platinum. The effect in the diamagnetic metals Aw, Cd, Cu, Sb 
reaches a maximum, while in the paramagnetic metals Al, Pt, 
the effect attains a minimum. 

The following tables give the variation of the Hall effect 
in several substances with temperature, as determined by 
Onnes and Hof 398), 1914. 
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Hall Effect a2 Graphite (Compressed) 


© Abs, 20'5° Abs, “5° Abs, 
Field Soke’ cs wabale ial 
i R R -R 
4800 —- 0°68 +34 -+ 1°42 
6000 + 0°68 ~= -— 
7200 = “12.330 = 
8400 + 0°68 —- + 1°52 
9600 _ + 2°81 _— 
11800 +074 + 2°22 + 152 


The effect in this graphite is thus seen to increase as 


the temperature falls to about 20° Abs., and then decreases 


as the temperature is further lowered. 


Hall Ejfect ir Cadmium (Rolled) 


Field 290° Abs. 20°5° Abs. 14°5° Abs. 
3000 — == 13° S<10my- _ 
3600 + 4°6><10F _ — 
4800 = -- 20'2 + 22°3><10~* 
6000 +63 — = 
7200 — + 20°6 + 234 
8400 5190 = 
9600 — + 19°6 + 22°3 
11800 — — 17°6 + I9'1 
12000 + 5'5 = == 


The Hall effect *in cadmium is thus seen to increase 


greatly at low temperatures. 


Hall Effect at Heliwm Temperatures 


Metal Field 4:25° Abs. 2°8° Abs. 
AST eee 11300 + 26><10° + 98x10 ° 
Lead 300 <6 # 0 

3 1000 Bag ‘ — 

5000 + o08><10—+ — 

r 11300 +18 ,, =. 1'3><10-* 
Silver Fae 11300 —i16,, —16,, 
Nickel yi. _ 1300 ISTO a” — 

+ eae 11300 << Ti * >< rOm 
Bismuth ae 1000 — 863 — 

re 5000 — 84:2 — 
2 11300 — 857 — 
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At hydrogen temperatures the Hall effect in ¢é and lead 
was too small to be measured. At helium temperatures, in 
fields so small that the two metals remained supraconducting, 
no Hall effect could be detected. Only when the field was 
great enough to set up ordinary resistance in these metals 
could the effect be measured. This latter fact emphasizes 
again the intimate connection between the Hall effect and the 
change in resistance in the magnetic field. 

Silver, which is not supraconducting at helium tem- 
peratures, increased in its Hall effect as the temperature was 
lowered to 4°:25° Abs., and then the effect remained constant 
as the temperature was further reduced. 

The Hall effect in mzekel at higher temperatures tends 
towards saturation. At hydrogen temperatures the effect is 
measurable, while at helium temperatures the effect has prac- 
tically disappeared, although at these latter temperatures the 
metal is not supraconducting, and the resistance is still 
measurable. 

The Hall effect in sélicon was found by Buckley (94), 1914, 
to decrease with temperature, between 0° and 100° C, in a 
field of about gooo gauss. The change in the Hall effect did 
not correspond with the change in Pesan 


6. Reversal of the Hall Effect with Temperature 

Hall 35), 1880, and Ettingshausen and Nernst “74), 1886, 
found the effect in tm to be negative at room temperature, 
while Onnes and Hof %9%), to14, found that at 4°25° Abs. the 
effect was positive. 

As already stated on p. 49, Lownds %45), 1903, found the 
Hall effect in bismuth to be negative at 169 C. and —79°C.,, 
but positive at —186°C. 

Also Onnes and Beckman 95), 1912, p. 51, found that in a 
hiismuth plate placed with its principal axis perpendicular to the 
magnetic field, the Hall effect was positive at the temperature © 
of liquid hydrogen, while at 17°C. the effect was negative. 
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7. Variation of the Hail Effect with Direction of Crystallographic Axis 
Righi ‘#44, 1883, studied the Hall effect in bismath plates 
cast from molten metal, and found that the rate of cooling 
of the plates affected not only the crystalline structure of the 


a 
Me \ | 


Fig. 53. 


metal, but the magnitude of the 
Hall effect. Lebret 6G"), 1895, and 
Lownds (43—5), 1901, also examined 


the influence of crystalline struc- 
ture on the Hall effect in bésmuth. 
Van Everdingen “*54), 1900, cut 


plates from a crystal of bismuth 


in several directions, J, 2, 3, 4, 5, 6, 


Fig. 55, with respect to the prin- 


cipal crystallographic axis, which 


is indicated by the arrow. He 
found that the magnitude of the 
Hall effect varied greatly with the 


direction in which the plate was 

cut from the crystal, and depended upon whether the 
magnetic field was perpendicular or parallel to the principal 
axis of the crystal. The table below shows the variations. 


Hall Effect in Bismuth Crystal Sections 


Field | 4600 gauss 2600 gauss 
Beeehi. | ol. | if | 
No. I — go -- — 10'2 — 
2 — 10°6 — 02 — 126 —O7 
3 — 88 oo —II'l —o4 
5 — $2 + 0°6 — 10°6 + 0°3 


The effect when the magnetic field was perpendicular to 
principal axis was much larger than when the field. was 
parallel to the axis. 

It was found that the effect in a plate in a field at an angle 
a to'the principal axis could be approximately computed from 
the equation R= R, cos?a+ Hh, sin? a. 
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Van Everdingen observed that the change in resistance 
was least when the magnetic field was parallel to the prin- 
cipal axis. This latter fact probably accounts for the small 
Hall effect in the parallel position. 

The variation of the Hall effect in a crystal of bismuth, 
when the primary current was parallel and perpendicular to 
the crystal axis in a field perpendicular to the axis, as de- 
termined by Lownds, has already been given on p. 50. 

The fact, that the crystalline structure and the relative 
position of the crystal axis with respect to the primary current 
and the magnetic field profoundly influence the magnitude 
of the Hall effect, probably in many cases accounts for the 
discrepancies in the results of different investigators. 


8. Variation of the Hall Effect and Resistance 
The Hall Effects and the specific resistances of substances 
have an extreme variation among themselves by as much as 


ae : Leeaeee es ee 
10% times. However, the quotient — is fairly constant, as is 
Q 


seen in the table below, arranged by Konigsberger and Gott- 
stein 9°), 1913. The specific resistance is ge, the Hall effect R. 


Poor Conductors Ii EAS OO XC Oat lori C. ao 

Q 
MoSsycnen a te — 2°6.><10° 18 1'4><103 
Slee Orcaaee tear -- 1°85><10? ZAr><tO = 4 Ome = 
Graphite: . —o695><10 ! A >< Ome Apo 
Cus e is = i aeliple =< Oman 94 I'2><10° 

Metals 

Pewee oe tangy be — 89x<10~# lO>< Ome 5.5 S<107 
1G) Uhh tok eae Ny —72 ,, Dao ter BiOmee 
Gis aan eee —53,, 1:7 uae Silat os 
UNAS S pote as —390 ; 22a. Tes 
121 eee See —2°0 ,, L'I><10—° 1'8>x<10! 
EXC Pacers ce ats —68 _,, Te cans Oiceee 
PRN Fe bs AL ZS; +40 ,, 53 ><1Opee i Oe 
Cdyeper ica +59 ,, WO ae, TES ae | 
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> 
Metals Rev atete eC. o at 18° C, eal 
; 0 

Dee i oa +1ox10—* | 61><10~* L'6<10? 
15s eet ere eee =I 10x10 ° I 
INGdec. a ae es — 2'8 Loo PAS es 
Sb see at 2>< Om 2G 27 ><100 
Bas. 2 Aaa } —11 CLA) ne Oromia 1><10° 
a eee tee | —o4 to +10 (|| H) | — 4><103 

Alloys 
Sb-Cd + 8o1 Sel One 1'6><10° 
Sb Gd. « & + 8>x107? P< lOm TROL © xs 
German Silver} —5>x<10 * eel Ore” 3><10! ; 
Constantan. . —9 5 Bowles 


ehh , E , 
The values of — vary about 10? times. This points to 
0 


4 x 


the probable fact that the mean free paths of electrons in 

all metals are of about the same order of magnitude. 
KG6nigsberger and Gottstein 9°), 1913, found that, in the 

case of the poor conductors below, the ratio of the isothermal 


Te 
, =7, Was practically the 
R; 
same as the ratio of the electrons per unit volume at these 


Hall effects at different temperatures 


temperatures. 
Hall Effect and Hlectron Number — 
Ri N 
Subst a ture Ri peal paca 
ubstance emperatur i Ry Nv 
Graphite . . 1Gy MES Fy =—5°38><10-* |) 
: I'll I'l 
‘ ae 90° i =— 485, J i 
Si (5°2% Fe) nin + 120 \ 4 
> 1°36 1°42 
: 90° +88 ieee eh Ha 
NOS. eet iate 18° — 1'3><10° \ 
2°60 25 
4 90° — 4:9><10° (au : 


‘The Hall effect and the number of electrons diminishes 
- with temperature at about the same rate. The values of N 
and‘ NV’ are computed from the resistances. 

> i 
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CHAPTER IV 


1. Hall Effect in Compounds 


The Hall effect in minerals, crystals, and chemical com- 
pounds has not been examined to any great extent, due in 
part to the difficulty of securing natural specimens of suffi- 
cient size and uniformity for successful manipulation. 

The Hall effect in plates cast from molten lead sulphide 
was found by Van Aubgl @), 1903, to have a negative sign 
and a small value compared with the effect in bismuth. The 
effect in bismuth sulphide 9) exhibited a strong dissymmetry 
and was of the same order of magnitude as the effect in 
bismuth. , 

The effect in copper iodide was observed by Baedeker (34), 
1909, to be positive, and to be independent of the magnetic 
field up to 6000 gauss. 

The addition of iodine to the copper iodide decreased 
the resistance and also the Hall effect. In the following table 
is given the Hall effect for copper iodide whose resistance 
has been changed by the addition of iodine. 


Hall Lifect in Copper Iodide 


| w Wg | 16 | 10°6 | 1°4 | 


ef | eee | 


In the above table w is the specific resistance of the 
copper iodide, while w, is the specific: resistance of the 
saturated condition. 

Steinberg (95), rtg11, also determined the Hall effect 
in copper todide at 18° C. and found the effect to be 
positive and independent of the field up to 7000 gauss. The 
effect was found to decrease with the iodine content, and 
to increase with the specific resistance, as shown in the 
table below. 
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Hall Effect in Copper Iodide 


Specific 
| eave et 2 | 0-049 | or12 | O'212 | 2°91 | 7°50 | 94°0 
R | + os oa 2°00 | + 6o0| 20'0 | ! 340 | | 880 | |- 11000 


The Hall effect in one crystal of galena was found by 
Smith 49°), 1913, to have a value of —34°2, while the effect 
in another specimen had a value of —251. The Hall E.M.F. 
was found to be proportional to the magnetic field. The fact 
that Van Aubel (I. c.) found a very small Hall effect in cast 
lead sulphide, while in the crystal form a very large effect 
exists, again seems to point to an intimate connection between 
the Hall effect and crystalline structure. The Hall effect in 
tron pyrites was.tound by Smith (I. c.) to have a value of 
—o'296, and to be independent of the magnetic field. 

Gottstein °'§), 1914, measured the Hall effect in molyb- 
denite at 18° and at 90° C., and found it independent of the 
field strength. The effect decreased with rising temperature, 
as shown below. ; 


Hall Effect i Molybdenite 


l 
Temperature / R; | Ra Fea 
| hij 
_ | —1320 | +030 | 1°09 
he os | — 481 | — 878 | 1°83 


The relation between the adiabatic effect, R,, and the 
isothermal effect, R;, above, is not a constant, but is represented 


by the Gans @°%) equation, Rio Ree [v1 25+ ral where ¢ 
is a constant for molybdenite and equal to 1020, and T is 


the absolute temperature. 


2. Hall Effect in Alloys 
‘The Hall effect in copper-xine alloys was determined by 
Hall 2+), 1885. The results are given in the table below. 


; 
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Hall Effect in Copper-Zine Alloys 


Plate Cu % ZY Temperature | Field R 

| 
A 100 O Pim Oe 5560° | —520><10 ° 
Forse e3 | 813 18°7 Zoe 5750 | —404 _,, 

C 73 27 22°8° 5700 | —250 ,, 

D 67 33 25° 5030. | 11641), 

F 6 94 ZEAE 5000 tA Maes 

G 0 100 aoe 6130 +830 ,, 


If each metal in the alloy used had contributed its full 
share to the resultant Hall effect, the percentages would have 
been as follows: 


ee ee ee es aie re | 6 | 
| Copper | 100 | O13 | 80 | 73:6) | 24°3 | fe) 
| IESE Lo | ) | 87 | 20 | 26°4 75°7 | 100 | 


From a comparison of these percentages with those 
actually used, it is evident that the copper affects the mag- 
nitude of the Hall effect out of proportion to its content. 

The Hall effects in the following table were determined 
by Ettingshausen and Nernst 73), 1887. 


Hall Effect in Bismuth-Tin Alloys 


Field | Tin 0'0 % | Tin 0°95 % | Tin 1°46 % | Tin 6°14 % 
2000 | — 984 — 1'76 | . —0'69 — 
6000 — 7°20 — 0°53 —0'07 + ool 

II000 — 4°98 | +o12 -- 0°36 | + 0709 


From the above results it is seen that the presence of 
a small amount of tin reduces the Hall effect to an extra- 
ordinary extent, and even changes the sign of the effect, 
although at ordinary temperatures each metal has a negative 
coefficient. 

The addition to besmuth of antimony, which has a positive 
Hall’ effect, was found by Van Aubel ”, 1902, to greatly 
increase the Hall effect and leave it negative. In an alloy 
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of bismuth containing 8:3°/, of antiémony the effect was found 
to be 3-4 times that of bismuth alone. 

Zahn and Schmidt “*), 1907, determined the Hall effect 
at 22°C. in Heusler alloy (Mn 25°/), Al 15°/,, Cu 60%/,), and 
also in the constituents. The results are given in the table 


below. The values are approximate. 


Hall Effect in Heusler Alloy 


Metal | Heusler Alloy | Mn | Al Cu 


| 
R xe a = = —5 So ores Dn I sa —5 
| - 1300><I07”| 93><10 — 40><10 50><10 


Not only is the effect in the alloy much larger than in 
any constituent, but is of the opposite sign. The temperature 
coefficient was found to be o-c03. The effect decreased with 
increase in field. For 560 gauss, R=-+0'0215; while for 
12,300 gauss, R=-+0°0081. — 

Smith G87), ro11, determined the Hall effect, electrical 
resistance and thermoelectric heights in bismuth-antimony, anti- 
mony-cadmium, and antimony-xine alloys. In the first type of 
alloy the three effects increased with the addition of antimony, 
reached a maximum, when the antimony content was 10°9/), 
and then diminished rapidly on the further addition of antimony. 

In the case of the other alloys examined by Smith, the 
maximum was a well-defined singular point, and corresponded 
to the compounds SbCd and SbZn. 

Smith 49°), 1913, also determined the Hall effect in the 
magnetic alloys, monel metal (Ni 68°/,, Fe 1°5°/o, Mn 1°%Jo, 
Cu 29°5%), and mzchrome (an alloy of Ni, Fe, Cr, Mn) and 
in selicon steels. In the alloys and steels the Hall effect was 
found to increase rapidly at first, and then to approach 
gradually a saturation value with increase of field strength. 
Variation of the effect was similar to that in the case of the 
magnetic metals. The Hall effect decreases in monel and 
nichtome as the temperature rises, while in the case of the 


silicon steels the effect increases with rise in temperature, as 
5 


66 
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it does in iron. The addition of small amounts of silicon greatly 


increased the Hall effect in steel. 
Hall effect in monel, nichrome, and silicon steel No.1 (Si 3°8 


The following table gives the 


8 9/0). 


Hall Effect in Monel, Nichrome, and Silicon Steel 


Metal |Temperature)e H | R><10° Metal |Temperature) HH | R><10 
Monel 25°C. 1050p tS) tye oteelal | 19° C.} 6000 ; + 152 | 
S 66° < 24°2 | 130° a 175 
. 96° 3150 9 62 Es 244° ke 208 | 
a rage) 5300 2°38 - 310° * 226 | 
Nichrome 7m 3300 |-+ 199 || K. Iron foe, a5 + 10°8 | 

- T2004 x 209 c gy ee 22°4 

x 198? 1050 200 a 250" / 42°4 | 
JS BIO. Me 123 +3 Boma . 61'2 | 
3 246° 3300 BEEZ 
; 286°, lesssoyy - 86 | 
The Hall effect in K(ahlbaum) zvon is given by way of 


comparison with the much larger value of silicon steel. 
The Hall effect in gold-stlver alloys was determined by 


Onnes and Beckman (95), 
at low temperatures. 


IQI 


2, and by Beckman ‘54), 


Hall Effect in Gold-Silver Alloys 


1913, 


The table below gives the results. 


Metal oa “/o| 290° Abs; | 90° Abs: | 20°3° Abs. | 14°5° Abs. 
Au 0 —7'2>x<To 4] —7°6><10~ 4] —9°8><10—* —9'8><1074} 
(Au-Ag) I 20 68 66 607 6'5 
set 10°7 56 5°25 7 a7 
» All |’ 30°0 5°6 47 3°6 357 
AE TVET? 607 60 52 45 4°4 
Oe Sphere a8 oo) 7°35 6°45 5°75 575 
ety Lele O78 77 he 6°05 69 
Ag - 100 Se) 82 10°15 9°9 
Thus it is seen that on the addition of silver to gold, the 


Hall coefficient falls off until the alloy contains about equal 


quantities of the two metals, 


then the coefficient increases. 


The Hall coefficient in pure gold and pure silver increased 


with fall in temperature, while in the alloys the coefficient 


descreased with fall in temperature. 
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The effect both in the pure metals and in the alloys was 
practically independent of the magnetic field. 

The presence of hydrogen in palladium was found by 
Smith 49°, 1913, to reduce the Hall effect in that metal. In 
the regular metal alloys, the Hall effect is larger in those of 
high resistance. Since the presence of occluded hydrogen in 
palladium was found by McElfresh (s9’ to increase the resistance 
of the metal, one might suppose that the occluded gas would 
increase the Hall effect rather than diminish it. The presence 
of the gas may reduce the mean free path of the electrons, 
and thereby reduce the Hall effect. 

The variation of the Hall effect in telluriwm-bismuth alloys 
with the metal content was discovered by Trabacchi (45), rg15, 
to have a striking resemblance to the variation of the thermo- 
electric height observed by Haken 33) in the same alloys. 

The Hall effect in a series of magnetic alloys of tron- 
copper, nickel-copper, and tron-nickel was measured by 
Smith 4°), 1921, at room temperature, and in fields up to 
about 22,000 gauss. In all the alloys the Hall E. M. F. in- 
creased with the field, rapidly at first, and then in higher 
fields approached a state of saturation. 

The following tables exhibit the change in the Hall effect 
with the change in composition of the alloys. 


Hall Effect in Magnetic Alloys 


Fe-Cu Alloys | Ni-Cu Alloys Fe-Ni Alloys 
| Fe % |Cu% R || Ni%|Cu % R Fe % |Ni % R 
100 |0.0 |+11°2x10-°| 100 | o'0 |—7°65xX10~*|| 100 | oo |+11°2x107% 
99°196| 0'804| 12°2 95 5 20.8 98°93 | 1°07} 16°9 
"19849 | 1°51 | 21°0 92°5| 7°5 | 40°9 98°07 | 1°93} 17°8 
980 | 2°0 19°0 00°] -10¢ | - 52:0 92°95 | 7°05| 42°5 
960 | 4:0 16°3 85 | 15 59°1 (yigcser |) tori ick ne 
93°84 | 616 | 15°6 75 | 25 83:7 89°80 |10°20] 52'0 
92°95 |7°05 | 152 FOr 30 419 86°89 |13°I1| 61°5 
: CSeseey 16st 440 [560 | 46°90 
50 | 50 138 | 
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A small addition of copper, which has a negative Hall 
effect, to iron which has a positive effect, caused a: rapid 
increase in the effect. The effect decreased on further addi- 
tion of copper. 

The addition of copper to nickel, both of which have a 
negative Hall effect, caused a rapid increase in the effect, which 
reached a maximum when the copper content was about 26 °/ . 
The maximum effect was about 11 times that in pure nickel. 
Further addition of copper caused a decrease in the effect. 

Small additions of nickel, which has a negative effect, 
to iron caused a rapid increase in the effect, which reached 
a maximum, which was about 6 times that in pure iron, and 
then decreased on further addition of nickel. 

Intimate relations were found to exist between the Hall 
effect and the electrical resistance of the iron-copper alloys, 
and between the Hall effect and the thermoelectric height of 
the iron-nickel alloys. 


Hall Effect in Additional Alloys 


Alloy Temperature H R Observer 
Brassaeae is 2OnuC: Ind. H Negative, Small Zahn 
Constantan. . a x — 0'0009 | a. 
GermanSilver | Room temp. 10400 — 0'00053 see eee 

% BOC. 5000 to 11000] — 000054 Zahn 
Manganin . . 150° 4100 * 0'000560 Frey 
4 pit Vda 4790 0°000432 
. ae 810° 4920 0'000460 a3 


* Sign of the effect in manganin not given by the observer. 


The above studies of the Hall effect in alloys show how 
greatly the presence of impurities may affect the magnitude 
of the effect in metals, and that, if the true effect is to be’ 
had, it must be sought in the pure metal. 


3. Hall Effect in Dielectrics 
In 1880, Hall 35) examined the action of the magnetic 
field on a dielectric in an electric field, but failed to observe 
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any change in the distribution of the equipotential lines in 
the dielectric. 

In 1885, Van Aubel © also investigated the influence of 
the magnetic field on the electrostatic polarization in di- 
electrics. He likewise failed to detect any change brought 
about by the magnetic field. 

According to Lorentz G38, no such. effect was to be 
expected, for in the case of an electrostatic charge the 
electrons are at rest, and hence create no magnetic field that 
can be affected by the electromagnet. Sir J. J. Thomson (577) 
showed that the ratio of the electromotive force, tending to 
displace the lines of electrostatic force, to the original electro- 
motive force in 'the plate is given by the expression 1077 
H sin ©, where H is the rate of change of the magnetic force, 
and © the angle between the electric displacement and the 
direction along which the change in H is gratest. Such a 
quantity as the above would be too small to observe, and 
furthermore, in the case of a constant magnetic field acting 
on an electrostatic charge, the expression vanishes. 

The question naturally arises: Would the Hall effect be 
appreciable in a charged dielectric placed in an alternating 
magnetic field of very high frequency, or in a field rapidly 
changing in magnitude? 


CHAPTER V 


THEORIES OF THE HALL EFFECT IN SOLIDS 


While no one of the theories thus far advanced explains 
fully and satisfactorily the Hall effect, it seems worth while 
to give in brief outline and in historical order the leading 
attempts to account for a phenomenon so fundamentally 
connected with the ultimate structure of matter. 
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1. Theory of Sir Wm. Thomson 

Sir Wm. Thomson 455°), 1851, in his paper on the Thermal 
Effects and the Thermo-electric Excitation of Electrical Currents 
in Homogeneous Crystalline Solids, says: “A question now 
naturally presents itself; Are these three principal axes at 
right angles to one another in the substance, possessing the 
properties of symmetry with reference to thermoelectric 
qualities, analogous to those which have been established for 
the dynamical phenomena of a solid rotating about a fixed 
point, and for electrostatical and for magnetic forces, in 
natural: crystals or in substances structurally crystalline as 
regards electric and magnetic inductions? 

“The following transformations suggested by Stokes’s (19) 
[1851] paper on the Conduction of Heat in Crystals in which 
a perfectly analogous transformation is applied to the most 
general conceivable equations expressing a flux of heat in 
terms of variations of temperature along rectangular lines of 
reference in a solid, will show the nature of the answer. 

“The body being crystalline, probably possesses different 
electrical conductivities in different directions, and the relation 
between current and electromotive force cannot, without 
hypothesis, be expressed with less than nine coefficients. 
These, which we shall call the coefficients of electric con- 
ductivity, we shall denote by x, 4, ....; and we have the 
following equations, expressing by means of them the com- 
ponents of the intensity of electric current in terms of the 
efficient electromotive force at any point of the solid: 


mae 
hr «(BaF Sates Cea 


ee AE) 3 (PA) 2 (08) 


Os % 


; j dV Ht eer Oi dV 
doit (E—Ge) +# Cee ee nike E ai 


In a footnote added March 3, 1882; Thomson wrote: 


‘‘Hall’s discovery in terms of the notation of formula (46) 
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{above equations], is simply that A’—u”, u’—x", z’—A” are 

not each of them equal to zero for a metal in a magnetic field.” 
In another note, added at the same time, Thomson thus 

commented on Stokes’s paper referred to above: 

“In this paper Stokes explains the rotatory quality ex- 
pressed by the general equations of thermal conduction, with 
nine distinct arbitrary constants as follows: ‘Conceive an 
elastic solid to be fixed at the origin, and to expand alike 
in all directions and at all points with a velocity of expansion 
unity, so that a particle which at the end of time ¢ is situated 
at a distance 7 from the origin, at the end of time t-+df is 
situated at a distance 7(1-+ dt). Conceive this solid to turn 


with an angular velocity of w equal to y(w?+w’?+ w’”) 
about an axis whose direction cosines are w’2w-1, wwe, 
w’’w-1, The direction of motion of any particle will represent 
the direction of the flow of heat in what we may still call 
the auxiliary solid, from whence the direction of the flow of 
heat in the given solid will be obtained by merely conceiving 
the whole figure differently magnified or diminished in three 
rectangular directions. 

‘This rotatory sort of motion of heat, produced by the 
mere diffusion from the source outwards, certainly seems very 
strange, and leads us to think, independently of the theory of 
molecular radiation, that the expressions for the flux with 


six arbitrary constants only, namely the expressions (8), 


du du. cans 
—fe= AT + Pty +E 

ae du 
—fy= ig +P as clatnte dx’ 


du U 
dy’ 


-fe= 0 a abt if Ds 
are the most general possible.’ 
[fcs fys fx are the fluxes across planes perpendicular to 
the ‘axes x, y, x; uw is the temperature at a point P,. and 
A, B, C, D, E, F six constants.] 
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“It appeared to me that the assumption made in this 
last clause was conceivably invalidated by the existence of 
crystals (such as those that have the ‘Pyroelectric quality’) 
with difference of crystalline form between two ends, the 
‘Dipolar’ difference as I called it: and that it certainly was 
inapplicable to matter in a magnetic field, whether the matter 
be solid or fluid, or ferromagnetic or diamagnetic; that on — 
the contrary we might expect to actually find the rotatory 
quality in thermal conduction under magnetic influence {Later 
discovered by Leduc and by Righi]. The same considerations 
are of course applicable to electrical conduction, and accordingly 
I would not admit less than nine coefficients of electrical 
conduction. Hall’s recent great discovery shows that the 
hypothesis which 28 years ago I refused to admit, was in- 
correct, and proves the rotatory quality to exist for electrical 
conduction through metals in the magnetic field.” 

At the meeting of the British Association at York, 1881, 
after Hall, had presented an account of his recent discovery, 
Sir Wm. Thomson 38) said: 

“The subject of this communication is by far the greatest 
discovery that has been made in respect to the electric pro- 
perties of metals since the times of Faraday—a discovery 
comparable with the greatest made by Faraday. I look upon 
it with special interest myself as so closely connected with 
electrodynamic properties of metals, which formed the subject 
of my Bakerian Lecture in 1856. a pointed out in that paper, 
in about § 104, that it was to be expected that magnetic 
induction would produce change of thermal conductivity and 
of electrical conductivity in different directions in substances 
perfectly isotropic. I found by mathematical investigation 
rotational terms, and pointed out that we might expect in 
bodies, which have rotational quality, to find the effect of 
such terms exhibited. But the only influence having that 
relation to rotation which was neeessary for producing the 
terms in question I pointed out to be the influence of a 
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magnet, and that we might expect that the effect of a magnet 
upon an isotropic body would be to induce difference of 
quality in different directions in accordance with the rotatory 
term, and [| said I thought it improbable that the rotatory 
terms would be found to be null in a body subjected to the 
influence of a magnet. I look with great delight on Prof. 
Hall’s discovery, as having verified that which I predicted as 
probable. I did not myself make any serious attempt to 
discover it. It is the first illustration ever brought out by 
experiment of one of the most curious and interesting things 
in the mathematics of zolotropy. 

“The previous mathematical writers dismissed these terms 
altogether, although they found them in the formula;—dis- 
missed them as something which we could not imagine to 
exist. I refused to dismiss them, and said there was decided 
reason that they could exist under the rotational influence 
which we know to belong to a magnet.” 


2. Maxwell's Equations and the Hall Effect 


Hopkinson (97), in 1880, called attention to the fact that 
’ the electromagnetic equations of Maxwell (3) contain a term 
that accounts for the Hall effect. For the flow of electricity 
through a body Maxwell obtained the following equations: 

X= Rhu+S8,v+ Sw—To, 

Y= S,u+h,v+ S,w—Tu, 

Z= S,u+S8,v4+ hw, 
in which X, Y, Z are the components of electromotive force, 
u, v, w the components of the current at any point, and 
R,, R,, Rs, S,, S,, S3, LT are constants depending on the 
substance conducting the electricity. 

Maxwell said: “It appears from these equations that we 
may consider the electromotive force as the resultant of two 
forces, one of them depending on the coefficients f and: S, 
and the other depending on 7 alone. The part depending 
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on R and S is related to the current in the same way that 
the perpendicular on the tangent plane of an ellipsoid is 
related to the radius vector. The other part, depending on 7, 
is equal to the product of 7 into the resolved part of the 
current perpendicular to the axis of 7’; and its direction is 
perpendicular to 7 and to the current, being always in the 
direction in which the resolved part of the current would lie, 
if turned.go°® in the positive direction round 7’ 

‘Considering the current and 7 as vectors, the part of 
the electromotive force due to 7 is the vector part of the 
product 7% current. The coefficient 7 may be called the 
rotatory coefficient. We have reason to believe that it does 
not exist in any known substance. It should be found, if 
anywhere, in magnets which have a polarization in one di- 
rection, probably due to a rotational phenomenon in the 
substance.” 

Hopkinson remarked: ‘‘Does not the ‘rotatory coefficient’ 
of resistance completely express the important facts discovered 
by Mr. Hall? Instead of expressing these facts by saying that 
there is a direct action of a magnetic field on a steady cur- 
rent as distinguished from the body conducting the current, 
may we not with equal convenience express them by saying 
that the effect of a magnetic field on a conductor is to 
change its coefficients of resistance in such wise that the 
electromotive force is no longer a self-conjugate-linear-vector 
function of the current?” 

The Hall effect then may be considered as due to a 
change in chmic resistance brought about by the action of 
the magnetic field, such as would result if the molecules in 
the metal assumed a helicoidal arrangement about the magnetic 
lines of force. The usual form of Ohm’s law, [= KH, would 
become J= KH-+h(H-E), where J is the current, H the 
electromotive force, A the specific electrical conductivity, 
H the field strength, and # a constant on which the Hall 
coefficient depends. 
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3. Hall’s Curving Ball Analogy 

In 1880, Hall 35) in anticipation of the electronic theory 
of the flow of electricity in solids, wrote: 

‘Imagine now an electrical current to consist of particles 
analogous to a base ball, moving through a metal conductor, 
the electrical resistance of which will correspond to the 
_mechanical resistance offered by the air. Suppose, further, 
the particles of electricity on coming within the influence of 
the magnet, to acquire a motion of rotation about an axis 
parallel to the axis of the magnet*). Under all these supposed 
conditions we might perhaps expect to find the action which 
is actually detected. To-account for the reversal of the 
action in iron, we might suppose particles to acquire in this 
metal a rotation about the same axis as in the other metals, 
but in the opposite direction. Even after all these generous con- 
cessions in favor of our hypothesis, however, it fails to account 
tor the behavior of nickel as different from that of iron.’ 


4. Mechanical Strain Theory of the Hall Effect 

Bidwell “'—2), in 1884, suggested that the Hall effect is 
due to thermo-electric currents set up by the magnetic 
field between strained and unstrained portions of the plate. 
Hall @4*—-3) has shown that this theory does not stand the test 
of actual experimental examination. 

Tomlinson 4"), 1884, considered the Hall effect as in- 
timately connected with the effect of mechanical stress on the 
specific resistance of the metal. The change in resistance is 
brought about by the strain set up in the effort of the metal 
to move across the magnetic lines of force. He found an 
analogy between a series of Hall coefficients and the variation 
of the specific resistance of the metals when stretched. 

*) Maxwell G6): “I think we have good evidence for the 
opinion that some phenomenon of rotation is going on in the magnetic 
field, that this rotation is performed by a great number of very 


’ ° . . . ¥ . 
small portions of matter, each rotating on its own axis, this axis 
being parallel to the direction of the magnetic axis, etc.” 
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Moreau ‘37, 1900, also believed that the Hall effect was. 
due to a mechanical strain set up in the metal plate by the 
magnetic field. 

The mechanical strain theory, which is based on mass 
action, does not seem capable of explaining the intricacies 
of the Hall and the allied effects, which are concerned with 
inter- and intra-atomic action, and the movement of electrons. 


5. Lorentz’s Theory of the Hall! Effect 

Lorentz 63%), in 1883, developed the following equations 
for the flow of an electric current in a metal plate placed 
with its plane perpendicular to the lines of magnetic force. 
The density components of the electric current along the 
axes &, ¥)'%, are w, v, w, the Specific electric conductivity of 
the metal is A, and # an unknown factor, a function of the 
intensity of the field. When the magnetic field is on, the 


equations are, 


PEC CE tas . sleek ald 
ae — Kin We, ao eal — hu, UH 
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where p is the potential at any point x, y, x, in the plate. 
If the plate is thin, of thickness d, and is in the plane 

xy, and if the main current, J, flows along the axis a, then 

v=o, and w=o. The integration of the equations gives the 

electromotive force at the edges of the plate, 

hI 

kd’ 

an equation in which the Hall electromotive force varies in- 


jaes 


directly as the electrical conductivity of the metal. 


Comparing the above equation with the usual Hall equa- 
CON. elt = a we have A=LEK 

~The above equations were developed from purely electro- 
dynamic considerations. In 1905, Lorentz 34°) proposed a new 
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theory to account for the motion of electrons under an electric 
and a magnetic force. 

In this paper on the passage of electrons in metals, he 
remarked: “In the theory which admits of two kinds of free 
electrons, all questions relating to these phenomena become 
so complicated that I believe we had better in the first place 
examine more closely the Hall effect and allied phenomena. 
Perhaps it will be found advisable, after all, to confine our- 
selves to one kind of free electrons, a course in favor of 
which we may also deduce the results that have been found 
concerning the masses of the electrons. These tend to show 
that the positive charges are always fixed to ponderable atoms, 
the negative ones only being free in the spaces between the . 
atoms or molecules. If, however, a study of the Hall! effect 
should prove the necessity of operating with both positive 
and negative free electrons, we shall be obliged to face all 
the difficulties attending this assumption.” 


6. Boltzmann’s Theory of the Hall Effect 
Starting with the Hall equations of Lorentz, Boltzmann '*4), 
1886, deduced equations for special cases, which in reality 
predicted the effects discovered later by Ettingshausen and 
Nernst 72), 1886. 
Boltzmann also developed for the Hall electromotive force 


the equation, eee RHylI 
b(1+ 0)’ 
in which 2 is the resistance of the Hall circuit, y the specific 


electrical conductivity of the metal; / and J the respective 


length and breadth of the plate; @ = w— in which d 


) 
yl? 
is the thickness of the plate; while R, H, J, have their usual 
significance. 

Boltzmann also pointed out the fact, that to @btain the 
genetal theory of the Hall effect, the equations of Kirchhoff, 


Weber, Helmholtz, Maxwell, Stefan and others, for the motion 
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of electricity in conductors, must have a term added to 
represent the electrodynamic action that brings about the 
Hall effect. 


_ 7. Goldhammer’s Theory of the Hall Effect 
Lorentz’s theory of the Hall effect does not take into 
account the change in resistance of the metal in the magnetic 
field. Goldhammer ('4), 1887, deduced equations for the 
electromotive force produced by the magnetic field, on the 
supposition that the métal was non-isotropic. In this case 
there are nine conductivity coefficients instead of one. 
From the integration of the several equations, the fol- 
lowing expression is found for the electromotive force set up 
by the magnetic field: 
Pus Lo, hs OY Leary pes hy yee Poy, 


p= ] e j i i | Const. 


The current is supposed to flow along the axis a, the 
plane of the plate is xy, J is the length of the plate, p, and py 
are the potentials of the electrodes, z,, 4,, 43, are the coeffi- 
cients of conductivity. The first term in the above equation 
represents the E.M.F. of the main current, the second is the 
Hall effect E.M.F., while the third is the E.M.F. along the axis x. 

The Hall E.M.F. is then given by the equation 

Be Ag (P1 — Po) b, 
eee ele 
where 0 is the width of the plate. The primary current is 


l= (= Po) bd. 


“yl 
Hence i ve 


If we compare this equation with the usual Hall effect 
equation, p. 9, we shall have, —d,=R.H. . 


8. Riecke’s Theory of the Hall Effect 
Riecke 438), 1898, assumed that an electric current con- 
sisted of positively and negatively charged particles travelling 
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in opposite directions in the conductor, and that these par- 
ticles had both electrical and thermal movements. 

For the Hall electromotive force set up in a magnetic 
field H, he deduced this expression: . 
BLU p? On Un? Wp Abi 

Up Un + Un Wy Oo 


in which v, and v, are the specific electric migration velocities, 


BI 


wv, and w, the specific thermal migration velocities, respectively 
of the positive and negative particles, ) the breadth of the 
plate, ¢ the current density, and o the specific conductivity 
of the metal. If w,=2,, the Hall coefficient becomes 


I 
R => a (Up— Un). 


For bismuth Riecke found— . 
bo=2 O25 sto > cur per Sec.(per> tabs. by M. F. 
Woes Se SaakOr > ae 4, gs a e -, 
Up = Wn = O'215 CM. per sec. 
N, = AGI >< 10!" positive ions per c.c. 
iN, = "t yo =< We mesalive: ys an O45 
Since the probable number of atoms in 1 c.c. of bismuth 
is 615 =< 102°, only a small fraction of the atoms are mobile 
and take part in conduction, according to Riecke. 
In 1906, Riecke ‘44° developed another expression for the 


Hall effect, viz: 
I é vy dj = Uy ip 
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in which v, and v, are the velocities, and /, and /, the mean 
free paths of the positive and negative particles, and vy the 
electrical conductivity. 


9. Drude’s Theory of the Hall Effect 
The theory for the Hall effect developed by Drude ‘*9), 
1900, is based upon the supposition that electric and heat 
currents are due to the motion of both positively and ne- 
gatively charged particles, and that the density of these 
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particles is a function of the temperature. For the Hall electro- 
motive force he deduced the expression: 
dlog (N,N,) Hvee ( d log N, d log N,\ ° 
‘ mm VY; sea eae b) 
adil 0 


Z dT aT 


in which v and v, are the migration velocities, and N, and N, 
the number respectively of the positive and negative ions per- 
unit volume. 

For bismuth Drude found — 

Nj =0°09 > ro™. positive sons “per C.c. 
ING =O FO POn OCA LVIEr 4,” Stamnes 

These values are about 70 and 27 times those of Riecke, 
pigs “Moreover, Riecke found N,< N,, while according to 
Drude, N, >. 

According to the original theories of Riecke and of Drude, 
those metals, in which the negative particles predominate, 
have a negative Hall effect, while those metals, in which the 
positive ions predominate, have a positive Hall effect. 

The results of the two theories, however, are contra- 
dictory for bismuth. 


10. De Heen’s Theory of the Hall Effect 


De Heen 53), 1904, proposed to, account for the different 
signs in the Hall effect by supposing that the magnetic field 
affected the rotation of the charged particles in the atom in 
different ways. The atom was supposed to consist of charged 
particles revolving about a common centre. The atoms of 
magnetic substances so orient themselves in a magnetic field 
that the charged particles, or electrons, revolve in the same 
direction as the Amperian current in the electromagnet; while 
the atoms of diamagnetic substances orient themselves in an 
opposite manner. 

The influence of the magnetic field, H, on the rotation 
of the atom, A, and on the movement of the charged par- 
ticles is given in Figs. 56, 57. 
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The inner circle represents the rotation of the atom, A, 
while the outer arrows give the revolution of the charged 
particles about the centre. 


Atom Rotation Positive 
Ly oS Diamagnetic substance, 
we Tp Electro-negative 
(ay Magnetic substance, 
WY Electro-positve 
Fig. 56. 
Atom Rotation Negative 


a. Diamagnetic substance, 


NZ, Electro-positive 
(y~N Magnetic substance, 
\\ 4) Electro-negative 


Fig. 57. 


In accordance with this conception, the z7on atom may 
be electro-positive, while the nzckel atom is electro-negative, 
and in this way the difference in sign in the Hall effect in 
these two metals may be accounted for. 


11. Thomson’s Free Electron Theory of the Hall Effect in Metals 

In his corpuscular theory of the Hall effect, Sir J. J. Thom- 
son 25), 1907, supposed that between the atoms of a metal 
negative corpuscles, or electrons, are moving about freely, 
colliding with the atoms and rebounding, just as gas particles 
do. So long as the temperature remains the same, the mean 
kinetic energy of the electrons is constant. Since the elec- 
trons in a metal are moving in all directions, no electric 
current results from their motion. If, however, an electro- 
motive force is impressed on the metal, the velocity of all 
the electrons will be changed slightly in the same direction, 


and since they are negatively charged, they will move in a 
6 


rc 
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direction opposed to the electromotive force. The migration 
velocity of the electrons, to which the electric current is due, 
is small compared with the velocity of the electrons between 
collisions. ' 

In a metal, in which the current is passing from left to 
right, Fig. 58, the negative particles are moving from right . 
to left. When the plate is placed in a magnetic field H, 
whose lines of force are at right angles to the plate, the 
electrons moving with a velocity « from F' to G will be acted 
upon. by a force Hew,.in which e is the electric charge on 


pis Pee sueenaee 
Hb | 
CT AL 
e a8 ae Hel) 


an electron. This force will tend to deflect the electron 
upward along the Path EH. In consequence, the potential 
at the edge B will be raised and that at A lowered. In other 
words, the equipotential line AB will be rotated to CD. 

If the above were a complete explanation of the action 
of a magnetic field on an electric current, the Hall effect 
would have the same sign (negative) in all metals. In the 
above consideration, no account was taken of the effect of 
collisions between electrons and atoms. It is conceivable that 
the magnetic field might cause the atoms to arrange them- 
selves so as to produce a rotatory effect on the electrons 
when collisions occur. In the case of tron, the atoms are in 
themselves small magnets. In a magnetic field, NS, Fig. 59, 
the atoms will arrange themselves so that their negative poles 
are toward the positive pole of the magnet. Near the sides 
of an atom, 4, the lines of force, /, 1, of the atom magnet 
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are opposed to the lines of force, L, LZ, of the large magnet, 
while near the ends of the atom magnet the lines of force 
are in the same direction. Hence there will be some places 
near the atoms where the resultant field will be stronger than 
the external field. An electron on coming into collision with 
the atom might be rotated in a direction opposite to. that 
given by the external field before collision. 

This explanation would account for the positive sign of 
the Hall effect in cron, but would not account for the negative 
effect in nzckel. 

In the case of a diamagnetic substance, such as bismuth, 
the effect on the rotation of the electron due to collision 
would be the same as that brought about by the external 
field during the movement of the electron in its free path. 

According to the above theory, the Hall effect consists 
of two terms. If the effect due to collision is greater than 
and opposite to that of the external magnetic field, the Hall 
effect will be positive. If the collision effect is less than, or 
in the same direction as that of the external field, the Hall 
effect is negative. 

Thomson suggested that “it would be interesting to see 
if in exceedingly strong magnetic fields, much stronger than 
those required to saturate the tron, the Hall effect would 
change sign.’ 

In fields as high as 24,000 gauss Smith “*°), rgro, observed 
that while the Hall effect in 27on fell off, there was no in- 

ication of a reversal of the effect. Smith (I. c.), and Frey @°9, 
1915, both noted that the effect in arom at temperatures 
beyond the critical fell off rapidly, but did not change sign. 


12. Thomson’s Electric Doublet Theory of the Hall Effect 
Sir J. J. Thomson ‘s*5), in his second theory of the Hall 
effect, dealt with the influence of the magnetic field on the 
distribution of the axes of doubly charged atoms moving 


under an electric force. The doublet atoms when not acted 
6* 
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upon by electric forces arrange themselves in the metal in 
a nondescript manner. When an electric force is impressed 
upon them, they align themselves parallel to the current, as 
shown in Fig. 60. 

The negative charges e will travel from right to left, 
while the so-called positive current, J, will go from left to right. 

Next consider the action of a doublet atom AB in the 
plane XOY, Fig. 61. The electric force acts along the axis _X, 
and tends to turn the atom into a position parallel to OX. 
If the atom turns about the mid-point of its axis, the positive 
and negative charges will move with equal velocities, the 


x 


°o ce] 
CSO SIGS 

° ° 
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Fig. 60. Fig. 61. 


magnetic field will cause no deflection of the axis, and con- 
sequently no Hall current will be set up. 

If, however, the atom rotates, for example, about the 
negative charge A, the magnetic force will cause the positive 
end B to dip below the plane XOY. In this way more 
negative ends may be above than below the plane, and a 
partial polarization will result at right angles to the plane 
XOY, similar to the arrangement of the atoms in Fig. 60. 
Hence a transverse electromotive force will be set up, a stream 
of negative electrons flowing upward, and the positive current 
downward and at right angles to XOY. This latter is the 
Hall current. 

If the doublet atom under the electric force turns about 
the positive charge B, the magnetic field will cause the ne- 
gative ends of the atoms to dip below XOY, and a Hall 
current of the opposite sign will result. 
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The sign of the Hall effect therefore depends upon 
whether the positive or negative charge on the atom moves 
more rapidly under the influence of the primary impressed 
electromotive force. 


13. Gruner’s Theory of the Hall Effect 

Gruner °78), 1908, assumed that in metals there existed 
only one kind of free electrons, the negative, together with 
positive and neutral molecules. The positive molecule may 
absorb a free electron when its velocity is below a certain 
value. If the velocity is above the critical, the impact between 
electron and molecule is a perfectly elastic one. In the steady 
state as many electrons are set free as are absorbed by the 
molecules. 

With these assumptions, Gruner, following in the main 
the methods of Lorentz, deduced expressions for .a number 
of galvanic and thermal phenomena. 

The difference in sign of the Hall effect was attributed 
to the different ratios between the positive and neutral mole- 
cules in different metals. 


14. Koenigsberger and Gottstein’s Theory of Hall effect 

37 
8eN’ 
Koenigsberger and Gottstein °%, 1913, developed an ex- 
pression to account for the change of sign in the Hall effect. 
They adopted the idea of Sir J. J. Thomson, p. 82, that the 


molecular magnets in solid substances assume some definite 


Starting with the equation of Gans, p.94, Rj = 


alignment under the influence of an external field, and that 
the magnetic field in the direction of the molecular axes is 
strengthened, while that perpendicular to the axes is weakened. 
This will be true so long as the distance between the mole- 
cules is sufficiently great, and their susceptibility is not far 
from 1. Such would be the case for rotating electrons of 
both‘para- and diamagnetic substances. In the case of strong 
molecular magnets, the internal molecular field might more 
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than compensate for the external field, and thus cause a 
change in the sign of the Hall effect. 

The equation below, developed by the above authors, 
includes terms for the part played by both the external and 
the internal fields, H, and H,,: 


J. i 
7 @ eda is 
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This latter quantity may be positive or negative. 


Rex 


The authors stated that if the electrons in solids can 
pass from atom to atom along definite paths, or leave the 
atoms in a favored direction, then the Hall effect should 
indicate in which direction this passage takes place with respect 
to the molecular magnets. 


15. Richardson’s Electron Theory of the Hall Effect 
Richardson (433), 1914, developed a theory for the Hall 
effect from a consideration of the motion of negative electrons 
under thermal agitation, under electric and magnetic forces, 
and between collisions. The electromotive force set up by 
the magnetic field H is given by the equation, 
epee 
aie | 
in which 7 is the primary current, 2 the number of electrons 
in a unit volume, e the electric charge. In this equation all 
quantities are in electromagnetic units. The Hall coefficient 
is therefore jp 24 RLM 
3. ne 
Since the sign of e is negative, this expression requires 
all Hall effects to be negative. 
The value of e is approximately —1o—20E.M.U. The 
value of m has been estimated to be of the order of 102° 
to 1074, Accordingly R should be of the order of 10! to 10-4 


The following are the Hall effects for a few metals. 
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The above values are of the general order of 101 to 1074. 
Richardson (3?) also suggested that the polarization of the 
electrons in metals might set up an influence in opposition 


_ to the external field that would bring about a change in the 
sign of the Hall effect. 


16. Zahn’s Theory of the Hall Effect 
Zahn 3), 1913, modified Drude’s theory of the Hall 
effect by supposing that the vibratory and migratory velocity 
of the positive ions to be zero. On this basis he deduced 


this expression for the Hall coefficient: 
I O 


Es 2 Aartion 
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Here the effect varies inversely with the number of free 
electrons, and this number is a function of the temperature. 


17. Livens’ Electron Theory of the Hall Effect | 
Livens 329), 1915, proposed a unitary electron theory to 
account for the regularities and irregularities of the Hall and 
allied effects. He followed in general the electron theories of 
Drude 5°), Thomson (s?°), Lorentz 34°), Gans 8), and Bohr (75), 
His paper is mainly a rediscussion, modification and genera- 
lization of the above theories of metallic conduction and the 
Hall effect. According to his mathematical analysis, the Hall 
difference of potential is given by the equation, 
4 


‘2 —s)zr (2 +3) 
‘ 4 Nec Ir(2 +5)| 


in which N, e, ec, H, I have the usual significance, while S= qu’, 
q being a constant connected with the mean square of the 
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velocities of the electrons, w?, or S is the constant of the 
force exerted by the molecules on the electrons. 

The above expression agrees with that of Bohr and that 
of Gans, for the case they examined, where S= oo. 

According to the above equation the Hall effect should 
have the same sign in all metals. To account for the change 
of sign, Livens assumed with Thomson and others, that the 
internal molecular magnetic field may be augmented by a 
local field due to a polarization of the electrons located on 
the molecules, and that this total inner field may so overcome 
the external field as to reverse the sign of the Hall effect. 

In the ferromagnetic metals the local internal field varies 
directly as magnetization, and this internal field is probably 
the effective one, for it is known that the Hall effect in these 
metals varies as the magnetization and not as the external 
field. If the magnetization is substituted for the usual magnetic 
force H, the Hall coefficient for the ferromagnetic metals 
remains practically constant, as the field is increased. 

In the simple diamagnetic metals, such as gold, silver, 
and copper, the internal local field is very small, and the Hall 
effect is practically constant for all fields. In these metals 
there is almost no variation of the Hall effect with tem- 
perature. This points to the fact that the action of a molecule 
on an electron is independent of temperature. The small 
change in the effect with temperature is probably due to a 
change in the number of electrons per unit volume. 

In the ferromagnetic metals there is a considerable change 
in the magnitude of the Hall effect with temperature. The 
effect increases with permeability until the critical temperature 
is reached. Then it decreases rapidly and acquires a value 
of the order of that found in such metals as copper and gold. 

In bismuth, and other crystals, the Hall effect varies with 
the direction of the magnetic field with respect to the cry- 
stalline axis. This is probably due to the fact that in a 
crystal the molecules have already a definite linear and axial 
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arrangement, and in consequence the internal field, dué to 
the motion of the electrons in and about the molecules, varies 
in different directions. 

Later, Livens 53°, 1918, deduced the following expression 
for the Hall electromotive force: 
—3 7 
i elle 


in which .N, e, ¢ have the usual significance, B is the magnetic 


5) 


induction, and J the primary electric current. 
In non-magnetic substances, B= H. 


18. Hall’s “A Possible Explanation of the Hall Effect” 

In 1915, Hall ©) proposed the following as a possible 
explanation of the Hall effect. In 1914, in his paper on 
electric conduction and thermoelectric action @44), Hall had 
assumed that conduction is maintained in part by free elec- 


warm ©F cool 


cool or warm 


Fig. 62. Fig. 63. 


trons, which behave like gas molecules in the spaces between 
the atoms of the metal, and in part by electrons that go 
from atom to atom during collisions, without affecting the 
gas pressure action of the free electrons. The part played 
by the free electrons in conduction he considered unimportant, 
while in thermoelectric phenomena their part is all-important. 
The metal, or conducting body, was supposed to be made up 
of normal or neutral atoms, of positive atoms that had lost an 

. electron, and of free electrons. The number of positive atoms 
or ions and of negative electrons was supposed to be the same. 
‘ When a current J of electricity passes through a plate P, 
Fig. 62, the electrons, e, e, e, e, will move to the right, while 
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the positive ions, p, p, p, will move through a limited space 
to the left. If the plate is placed in a magnetic field H, 
Fig. 63, the electron ¢ and the positive ion p will both. be 
urged toward the upper edge of the plate. The electron is 
mechanically free to move up to the edge of the plate, while 
the atom can only change the direction of its vibration. The 
upward movement of the electrons tends to produce a 
negative charge at the edge of the plate, while the new 
movement of the positive ions constitutes a positive current 
that tends to produce a positive charge at the same upper edge. 

To account for the fact that the Hall effect is positive 
in some metals and negative in others, it would only be 
necessary to say that in metals of the former class the ten- 
dency of the positive ions to move under the magnetic field 
is stronger thén that of the electrons, and the upper edge 
becomes positive; while if the action of the electrons prevail, 
the upper edge will become negative. 

In the former case, in which there is a positive charge 
at the upper edge of the plate, there will be a continual 
passage upward of free electrons, and there must also be a 
downward movement of equal number of electrons that are 
naturally not in a free state, This latter movement is brought 
about by the action of the vibrating atoms of the metal, 
which move upward a short distance as positive ions unite 
with electrons, and return downward a bit as neutral atoms. 
That is, there occurs a constant dissociation of the neutral 
atoms into electrons and ions at the lower part, and a re- 
combination of the electrons and ions at the upper part of 
the plate. The force that carries the electrons and neutral 
atoms downward is termed an elastic-mechanical one. 

The dissociation and recombination are brought about in 
the following manner. When the free electrons strike against 
the atoms of a metal, a distribution of thermal velocity takes 
place among these electrons. The slower, or cold, electrons 
would move upward under the action of the magnetic field, 
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and would cool the upper edge of the plate. Since ‘dis- 
sociation of the neutral atoms increases with temperature, the 
cooling of the upper edge would bring about a recombination 
of electrons and positive ions. This recombination would 
produce heat. If this latter action is stronger than the cooling 
effect of the cold electrons that flow upward, then the upper 
edge of the plate will be warmed. If the influence of the 
cold electrons prevail, the upper edge will be cooled. In 
this way the difference in signs of the Ettingshausen effect 
(p. 147) may be accounted for. 


19. Borelius’ Diamagnetic and Paramagnetic Hall Effect 
Borelius 3), rg19, in developing his expressions to account . 
for the different signs of the Hall effect employed the space- 
lattice conception of the structure of metals. He supposed 
the metal to consist of an equal number of positive atoms, 
and of negative electrons equally spaced between the atoms. 
The motion of the atoms to and fro and the magnetic field 
cause the electrons to have both a radial and a circular 
motion, giving rise to two susceptibilities, radial and circular. — 
The relative value of these two determines whether a metal 
is paramagnetic or diamagnetic. 

These two motions of the electrons give rise to two 
components of the Hall effect. For the diamagnetic Hall 
effect, Borelius deduced this expression: 

Ra=+——~—4, 
4en 
in which e is the electronic charge, q is a function of the 
susceptibility, and = ote where N is the Avogadro number, 
o the density, and A the atomic weight of the metal. This 
diamagnetic component of the Hall effect is linear and in- 
dependent of the field. 
‘ The paramagnetic component of the effect is given by 


the equation: 
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in which w is an angle connected with the path of the free 
electron, and depends upon the field. 
The total Hall effect then is 


, where 


R= Ra+ Ry = leat FW) 


This latter expression may change’ sign in accordance 
with the relative values of the two susceptibilities of the metal 
and the value of w, and in this way the two signs for the 
Hall effect are accounted for. 


Borelius pointed out that for metals other than bismuth, 


; : ‘ ee 
antimony, and the ferromagnetic ones, the expression g 


A 
is fairly constant, as shown in the table below. 
| ° 

Metal E<TO= Fe 108 Metal Lie Fe 10! | 
Nat eae — 25 — 1°07 ING TRS —s2_ | —o8o 
Wileee 3 —94 — 0°67 PENNS a 2 = HE, — O71 
AT aes — 36 — 0°35 Tepilehs, OS) + 63 + 0°68 
IG cy ie + 38 + 0°45 Care +5°7 044 ~| 
Pct tee — 68 — 0°76 Stra —o4 —oo2 | 
Pitpaer —I17 OS Bb es SPR —o9g + 0°05 
(CUP Ace —52 — 073 


The poor agreement in the case of tin and lead may be 
' due to the very small Hall effect in these metals, and hence 
the presence in their determination of large Cs errors. 


20. Additional Theories of the Hall Effect in Solids *) 
Among the additional theories of the Hall effect in solids, 
the following may be mentioned, as worthy of consideration: 
Those of Venske (553), 1888; Lommel (335), 1892; Wind (599), 
1896; Voigt 5°), 1898; Van Everdingen (7), 1901; Kolatek (99), 


*) See also Addendum p. 270. 
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1904; De Thullie 37), 1912; Birkeland “), 1912; Righi (452), 
1915. The above theories are more or less mathematical. 

According to most of the theories thus far advanced, 
the Hall effect should have the same sign in all metals. 
Fournier @°, 1916, endeavored to account for the positive 
Hall effect in such metals as antimony, iron and tellurium, in 
the following way. He claimed that metallic conduction is 
not carried on by the free electrons alone. In metals, such 
as the above, there is probably only a very small amount of 
dissociation into free electrons and positive atoms. The 
negative electrons, as ions in electrolytic dissociation, gather 
neutral atoms about them. These weighted electrons are 
probably less mobile than the positive atoms. While heat 
causes the splitting off of electrons from bismuth atoms, this 
does not seem to be the case with iron. The atoms of iron, 
however, possess considerable innate mobility, since they can 
arrange their axes parallel to magnetic lines of force. Iron 
is also trivalent and can hold several electrons bound. In 
iron, then, it may be that most of the electrons are held 
bound, while some of the positive atoms are free to move, 
and by their superior number make up for lack of mobility. 

Metals, then, in which most of the electrons are held 
bound and the positive atoms possess a large total mobility, 
should have a positive Hall effect, while metals in which the 
free negative electrons predominate should have a negative 
effect. 

None of the monistic or dualistic theories, thus far 
advanced, account fully and satisfactorily for the two signs 
in the Hall effect. Subsequent theories of the Hall effect 
should include a consideration of the influence of the external 
magnetic field on the orientation of the orbits of revolution 
of the electrons, and on the manner in which the electrons 
are sent forth from the parent atom. The influence of the 
inner atomic magnetic field on the motion of electrons, and on 
that of positive and neutral atoms, must be taken into account. 
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A clearer understanding of the space-lattice structure of the 
metals should aid in the formulation of an adequate theory 
to account for the anomalies in the Hall effect. 

Hall 37), in 1881, in one of his earlier papers, remarked: 
This difference of sign in the rotational coefficients of the 
magnetic metals is so anomalous and so important a fact, 
that one returns again and again to its consideration.” 

Now after more than four decades, the above words are 
still pertinent. A satisfactory explanation of the variation in 
signs of the Hall and allied effects waits upon the future. 


21. Isothermal and Adiabatic Hail Effects 


Ettingshausen (769), 1887, observed that the Hall effect is 
accompanied by a change of temperature at the edges of the 
metal plate where the secondary electrodes are fastened. If 
this difference of temperature is eliminated by a flowing bath, 
by the alternating current method, or otherwise, the Hall 
effect obtained under such conditions is termed ¢sothermal. 
The Hall effect measured in the presence of the Ettingshausen 
temperature difference is called adiabatic. 

Gans @°8), 1906, developed equations for the isothermal 
and adiabatic Hall effects, in which only the movements of 
negative electrons were considered. For the isothermal trans- 
versal difference of potential he obtained 
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in which e is the charge on an electron, wv the migration 


velocity of the electrons, o the electrical conductivity of the 
metal, H the field strength, and 7 the primary current. Since 
Ne?v =o, we have for the isothermal Hall coefficient 

37 

8 eN’ 

in which N is the number of electrons per unit volume. For 
the adiabatic effect, the following equation was obtained, 


WU = 


>. 
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> b , if 
Nie 2. +f . C - Hj, in which b = 2 ia 


and 7 is the absolute temperature. From the above we have 
ae b+q 1 
16 8». wed, 

“i, or Ry = Ra Ge 4 tn), 
where q is the heat of dissociation. 

Gans (I. c.) determined the Hall effect in bismuth by 
measuring the difference of potential with a quadrant electro- 
meter. This effect he termed the electrometric Hall effect. 
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He also measured the Hall effect by the null-galvanometer 
method. This effect he called the galvanometric Hall effect. 

Curve I in Fig. 64 represents the change of the galvano- 
metric effect with field strength, while curve II gives the 
variation of the electrometric effect. The latter effect is 
consistently smaller. 

Corbino 27), rg11, called attention to the fact that Riecke 
and Drude in their theories did not take into account the 
influence of the Ettingshausen effect on the Hall effect. 
Allowing for this influence, he developed the expression below 
for the zsothermal Hall effect, based on the usual assumptions 
for the two kinds of electrons: 

oe a ie vi — N,v; . 
: e (N,v, + N22)? 
in which the letters have their usual significance. 
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For the Hall coefficient, corrected for the Ettingshausen 
effect, Corbino obtained this expression, 
c I 
Reorr, = e NANG: 


In order to eliminate the Ettingshausen effect, Senepa “79), 


1913, placed the plate of bismuth in a bath of freely flowing 
water. He measured the isothermal effect at 16° C., 24°C, 
and 32°C., and found that the effect decreased with rise in 
temperature, but was independent of the field. 

To determine what he termed the corrected Hall effect, 
Senepa sent through a bismuth plate a heat current in the 
proper direction with respect to the electric current, and of 
such a value, that in the magnetic field the Ettingshausen 
difference of temperature was annulled by the Righi- Leduc 
effect (p. 233). 

The corrected Hall effect thus found was Reo. = — 7°78, 
at43°.G., ewhile ithat found by the water bath method was 
— 7°35 at’ a4°.C.~—Hrom these results, -and by _means.sot 
Corbino's equations, he computed these values: 

Nem iOZA Lor. IV == 802 << 102%; 
ptm ST On, Vo = 3°75 < 1045, 

Hence in bismuth the negative particles, or electrons, 
are 33 times as numerous as the positive particles, and the 
mobility of the negative is more than twice that of the 
positive. ) 

In variable conductors, such as silicon, graphite, and 
molybdemte, in which the number of free electrons changes 
greatly with temperature and under other influences, according 
to Gottstein @™§), 1914, the isothermal Hall effect must be 
corrected for the Peltier and Nernst effects as follows: 
2I1Q \\ 
in which IZ and Q are the Peltier and Nernst coefficients 
respectively, and / is the thermal conductivity. 


Ri; (corr.) — Ry + 
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The following table gives the isothermal effects as de- 
termined by Koenigsberger and Gottstein 97), 1915, at ordinary 
temperature. 

Isothermal Hall Effects 


| Metal 


| Ri Metal Ri 

| Peer case EO OS< Oma |) Le ee + rox<10—? 
ESS Re teak ee —5°3 Ni —= TO ,; 

| Graphite = AOS<TOm NSD <a 8 +2 ~10—1 
iF ae A POSSI PEST e o3 es ++ 12><10T* 
PURSE ae — 6910 * || MoS, ==7°3>210% 


The adiabatic and isothermal Hall effects were determined 
for antimony, bismuth, and bismuth-tin alloys by Zahn ©), 
1915. The alternating current method was used for measuring 
the isothermal effect. The effect was measured both while 
the plate was in running water and in air. 

The isothermal effect in antimony was found to be 
R;= +022, which was very little less than the adiabatic effect. 


The results for bismuth are given in the table below. 


Isothermal and Adiabatic Hall Effects in Bismuth 


Field 2590 4510 7500 9070 10100 
Vise Detail tea 0'082°C. | 0196? 0°349° 0°424° — 
AVE in-water ~ . — G073. O1eee 0°163 — 
Tepe Mie cB ahs — 1°89 — 181 — 1°47 — 1°32 — 124 
Rai in air ~ | 1'046 1°050 1°052 1'054 — 
Ra— Ri in water 1°035 1038 1'048 — = 
PSST OR er eA 0°80 1°09 sey 118 — 
PS2tor— hii 0°42 o'61 0'80 OO! = 


The Ettingshausen effect is represented by P. 
The temperature difference at the secondary electrodes 
is much reduced, but not entirely eliminated by the water. 


‘/ 


22. Bearing of the Hall Effect on the Theory of Magnetism 


Koldtek 93), 1895, Whittaker (75), 1g10, and others have 


considered the bearing of the Hall effect on the question 


whether magnetism is a linear or a rotatory phenomenon, 
7 
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If magnetism is supposed to be linear, then an electric current 
must: be rotatory. Suppose a current, J, flows from left to 
right in a plate, Fig. 65, placed at right angles to the field, 
H, and that the current rotates 
in a plane, CD, perpendicular to 
the plate. Under these conditions 
there is nothing to determine the 
direction of the secondary or 


Hall current. Thus it would seem 
that the existence of a Hall effect 


is inconsistent with the supposition that magnetism is a linear 


Fig. 65. 


phenomenon, and that magnetism must be rotatory in nature. 


23. Relation Between the Hall Effect and Thermoelectric Power 

It was first pointed out by Beattie 5°), 1896, that the Hall 
effect and the thermoelectric power of metals have corre- 
sponding signs. He arranged the table below, in which the 
metals are placed in the thermoelectric series according to 
Wiedemann (Lehre von der Elektricitat, Vol. I.) and the Hall 
coefficients, determined by Ettingshausen and Nernst 74), are 
placed opposite. } 


® Thermoelectric Series and Hall Effect 
Metal R Metal R | 
IBF POPS Se cee — I10°1 1 Ed eae LE tox! cotati — 0°00024 
Comin pete ee - 0'0046 UAT eee cae — 0'00071 
INTE RI eke — 0'0242 IA Gefen WAR eee — 0°00083 
|-German Silver | —0°00053 ||| Zn... .... - -+ 000041 
NEXUS ox eee Boke = oorenmine) | (Qcbwce a Go bis ~-++ 0'00055 
YAW Nicol Musil 5, 85 SPOOR It MS, V5 ao oo ++ O'O113 
EASY Weare eh Reker meOROeowley Il Sloss mos a = 01102 
SUS 28 pers == OC WIE so se se —- 532°0 
| CORSE eee ce ae — 0'00052 


The only two irregularities as to direction are cobalt 
and lead. 

The magnitude of the Hall effect does not follow the 
order of the thermoelectric series where the effect is very 
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small. This may be due to the fact that the thermoelectric 
power and the Hall effect were determined in different spe- 
cimens, whose difference in structure and composition may 
account for the seeming exceptions. The metals that occupy 
extreme positions at either end of the thermoelectric series 
also have extreme positions with respect to the Hall effect. 

Beattie found in alloys of bismuth-antimony, bismuth- 
lead, antimony-xine, and antimony-cadmium, that the alloys 
with extreme thermoelectric position in the series had also a 
large Hall effect. He made a comparison of the variation 
with temperature of the Hall effect in bismuth, as determined 
by Lebret &"), 1895, with the variation of the thermoelectric 
force of bismuth-lead couples according to Dewar and Fle- 
ming 43), 1893, and showed that the curves are strikingly 
similar. Koenigsberger and Gottstein 9°, 1913, confirmed . 
the truth of the principle laid down by Beattie as to the 
relation between the thermoelectric power and Hall effect in 
a large series of metals and compounds. The reversal of the 
Hall effect and the change of thermoelectric property of 
metals in a magnetic field they attributed to electrons entering 
the magnetic field of an atom, and rebounding in a semi- 
circular path, thus changing a positive electronic pressure into 
a negative one. 

The following table contains the thermo-E. M.F. of metals 
with respect to lead and the Hall effects in metals arranged 
in their order of magnitude. In general the Hall effect of an 
element increases with its thermoelectric height. 


Hall Effect vs. Thermo-E.M.F. 


| Metal R neki Metal R ga tee 
| Sn... | —0°00004 — 17 Al, .. | —0'00038 — 50 
| In... | —0'000073 ++ 240 Ir... | + 0'000402 — 244 
io ++ 0700009 Ga Gu. | = oroe0s2 + 282 
RAP tatis== | -0'000127 — 304 Cd .. | + 0°00055 » + 302 
Ela com OO002A al. i214 Au .. | —0°'00066 + 278 
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ONG ee gs aan Cree Peet Gare 
Ag ,.| —0'00083 + 230 Capa ++ 0'0019 -- 

Mg .. | —o'00004 — 12 iNiaaaeee — 0'0025 — A16 
Ta .. | +o 00101 — 130 Ni... | -—0'0047 — 1907 
Zn ..| +o 00104 “+270 LENSE aac + 0'0108 + 1584 
Pd ..| —orooris — 700 (Cfo — O17 + 1165 
WW... + 000118 ——1120 Sbeaem + 0186 + 149 
Mo ..{| + 0°00126 — Bi wees — 4°82 — 7450 
Co ..{| + 0.0016 — 2042 Siento -+ 41°00 — 40,000 
Li... | —o'0017 + 1150 CT EsERA + 536°0 -+ 50,000 


The E.M.F. is considered positive when the current goes 
from the metal to lead through the cold junction. 


ff CHAPTER VI 


1. Hall Effect in Liquid Metals 

Drude and Nernst (54), 1890, placed a thin layer of molten 
bismuth between glass into which the electrodes were sealed, 
and found that a magnetic field produced a difference of 
potential at the secondary electrodes. his effect was reversed 
with the reversal of the field, but not with the reversal of 
the primary current. Hence it was not a true Hall effect. 
The same phenomenon was observed in mercury. . 

While examining the change of resistance in mercury in 
a magnetic field, Des Coudres 3%), 1891, incidentally dis- 
covered an effect in bismuth amalgam and in mercury, which 
he attributed to the presence of a Hall effect. His results 
are not, however, free from doubt. 

Amaduzzi and Leone ©), 1900, observed in bismuth amal- 
gams phenomena which they considered Hall effects. They 
found no effect in liquid mercury. 

Amerio “7), 1901, examined mercury and liquid amalgam 
of bismuth for the Hall effect. He found a difference of 
potential, which was reversed on the reversal of the field. 
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The reversal of the primary current brought about a change 
of value, but no reversal in sign of the difference of potential. 

Amerio considered that the phenomenon observed by 
himself and others could not be a true Hall effect, could 
not be due to a thermomagnetic effect or to a change of 
resistance in the magnetic field, nor to a thermoelectric effect 
where the electrodes joined the amalgam or mercury. He 
attributed the phenomenon to a displacement in the con- 
ducting layer between the principal electrodes, a displace- 
ment that follows Ampére’s rule for a conductor in a 
magnetic field. 

Von Traubenberg (548), 1905, as already noted (p. 50), found 
the Hall effect in bismuth disappeared at the melting point 
-of the metal, while in other metals the effect has been found 
to diminish greatly at very high temperatures, suggesting a 
disappearance of the effect at their melting points. 

The Hall effect in liquid and in solid mercury has been 
recently investigated by Fenninger 97), 1914. He concluded 
that the effect in liquid mercury could not be greater than 
0'00002, in fields from 10,000 to 22,400 gauss; and in fields 
from 10,000 to 12,100 gauss the effect in solid mercury could 
not exceed 0000011. ; 

Up to the present (1923) the existence of a Hall effect 
in liquid metals has not been satisfactorily established. 


2. Hali Effect in Electrolytes 

The Hall effect in electrolytes has been investigated by 
Roiti 459, 1882; Bagard (37), 1896; Florio @), 1896; Chiavassa (79), 
1897; Everdingen “*), 1898; Amaduzzi and Leone “®, rgoo0, 
Moretto 479), 1902; Amerio “7), rg01; Heilbrun ©54), 1904; 
Oxley (4°), 1913; Righi “5?), 1915; and others. Most of these 
investigators have arrived at negative results. Theoretically a 
Hall effect should exist in electrolytes, but the effect is ex- 
‘ceedingly small, and the difficulties attendant on its measure- 
ment are very great. Layers of the liquid as thin as metal 
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films cannot be obtained. It seems impossible to eliminate 
convection currents in the liquid, and the contact differences 
of potential are large compared with the Hall effect sought. 

Bagard (I. c.) is one of the few investigators that claim 
to have found a true Hall effect in electrolytes. He used 
solutions of copper sulphate and xine sulphate. The layer of 
liquid was 1°6 mm. thick, and the magnetic field varied from 
400 to 1000 gauss. In the copper sulphate solution he claimed 
to have observed a Hall effect of about —0'38 =10~%. 
According to Donnan “47), p. 106, the theoretical value of the 
Hall effect under the conditions employed by Bagard should 
be of the order of —16 >< 107—®, . 

Several of the above investigators, after careful efforts 
to eliminate all sources of error, failed to detect any Hall- 
effect in electrolytes, and attributed the effect observed by 
Bagard to the force exerted by the field. on the molecules, 
and to differences in concentration and temperature. 

Roiti, Bagard, and Chiavassa employed a capillary electro- 
meter to detect the transverse difference of potential. 

The method employed by Moretto (l.c.) in his search for 
the Hall effect in electrolytes is worthy of mention. He placed 
strips of filter and tissue paper, saturated with solutions of 
sulphuric acid, copper sulphate, xime sulphate and bismuth 
mtrate, between plates of glass. In this way convection cur- 
rents were probably eliminated. However, he was unable to 
detect any Hall effect. 

Drude and Nernst (54), 1890, looked for the Hall effect 
in gelatinixed electrolytes, but found none. 

Heilbrun (54), 1903, in seeking for the Hall effect in 
electrolytes, placed copper sulphate between anode and cathode 
copper plates. A current of 0-023 ampere was sent through 
the solution for 11/, hrs., in a field of 7000 gauss. The cathode 
was divided into upper, middle, and lower sheets. The 
following table gives the results of deposition of Copper when 
there was no field and when the field was on. 
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| Field | Upper Sheet | Middle Sheet | Lower Sheet 
fe) | O'OI24 g. O'OI6! g. O'OII4 g. 
7000 | O'O165 O'OI21 


0'0132 


The total deposits are respectively 0°0399 g. and o-0418 g. 
This difference may be due to a decrease in resistance brought 
about by a change in temperature. Although the upper plate 
seemed to have about 1 mg. more deposit when in the field, 
Heilbrun attributed this to an actual displacement of the salt 
in solution, and not to a true Hall effect. 

Alterthum “), 1912, endeavored to show that theoretically 
no Hall effect should exist in electrolytes. His theory is, 
however, contrary to that of Everdingen, Donnan, Larmor 
and others. 

The Hall effect in electrolytes was carefully investigated by 
Oxley “°), 1913. He examined the behavior of copper sulphate, 
silver nitrate, cadmium sulphate, and copper sulphate gel. 

In previous researches the electrolytic cell had had an 
area about equal to that of the pole pieces of the magnet, 
so that the field was not uniform throughout the electrolyte. 
Voigt 3), 1910, had previously shown that an electrolyte in 
a non-uniform field will undergo a change in concentration, 
and thus a difference of potential will be set up. To secure 
a uniform field throughout the electrolyte, Oxley used a cell 
and a thin lamina of gel of about 4 cm.?, while the area of 
the pole pieces was 50 cm.? 

According to Donnan, p. 106, the coefficient of the true 
Hall effect in an electrolyte is, for complete dissociation, of 
the order, R=+4(v—u)=10> 105%%. 

Then the transverse difference of potential for a fall of 
yr volt per cm. will be 

EH=16x<10-8Hz, 
and for a field of 15,000 gauss and %#=1 cm., 
H=2'4~x 1078 volt. 
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Superposed on the true Hall effect, as Donnan (I. c.) has 
shown, is a difference of potential due to a change in the 
concentration, ieee ue ee 

ig ada 

For a fall of 1 volt percm., *=1cm., and H=15,000 
gauss, E’ =o0'9 x 10-7 volt, 

Thus E’, which may be called the concentration Hall 
effect, is larger than the true Hall effect, H. However, the 
detection and measurement of 2’ is indicative of the existence 
of a Hall effect. 

For copper sulphate solution in a small cell, Oxley found 

Lf = 2°07 S216 °, and 
Hl = 8:15 ><107%. 
The latter was the one measured and included the former. 

For the copper sulphate gel, he found 

Ti) =o 8's TOs Volt, sand 
= 4 Oe volt 

In view of all the precautions taken and in view of the 
fact that the effect reversed with the field, and that the 
observed results are of the 
calculated order, the author 
considered that the existencé 
of the Hall effect in electro- 
lytes was established. 

In 1915, Righi 45?) studied 
the difference of potential set 


Fig. 66. up in an electrolyte by the 

magnetic field in the following 

manner. An electrolyte of copper sulphate was placed in a 
shallow horizontal dish, ABCD, in which were two copper 
electrodes, H and F’K, Fig. 66. The primary current J entered 
at H and left the cell at / and K. The partial currents, 2, 
and 7,, passed through adjustable resistances, R, and R,, and 
entered in opposite directions a differential galvanometer G, so 
that no deflection occurred when the magnetic field -H was off. 
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The following table gives the differences in the partial 
currents produced by a vertical field of 8,500 gauss. 


| : : : nds ges 
vs | (% — 2%) (% —4,) =f 
0°005 amp. O'OO000I7 amp. 0°0037. 
O00 0°000050 00050 
0°020 | 0°000170 0'0085 
0°030 07000350 O'O1I7 


This difference between the currents 7, and ¢, is probably 
not a simple Hall effect. The magnetic field causes a devia- 
tion of the positive and negative ions both in the same 
direction, as indicated in Fig. 66. The region near / becomes 
more concentrated, and a difference of potential results. The 
difference in the partial currents, 7, and 7,, may be considered 
as a concentration Hall effect plus a true Hall effect. 


3. Theories of the Hall Effect in Electrolytes 
a. Donnan’s Theory of the Hall Effect in Electrolytes 


Donnan "*47), 1898, supposed the primary current in the 
di 
dx 
of the axis of x, that the lines of magnetic force lay along 


electrolyte to flow under an E.M.F. of , in the direction 


d 
the axis of y, and that the Hall difference of potential, ~ 


was along the axis of «. ; 
For a concentration hardly appreciable he deduced this 
expression for the Hall E.M.F., 


de dz 


— = we (v—u) H: 


d% dx 
For complete dissociation the expression is 
dei JI dw 
— = —we(v—u) 
ie ew ( eo 


in which w is the valency of each ion, e the quantity of 
electricity traveling per gram-equivalent of ionic matter, w 
and wv the respective velocities of the positive and negative 


ions under unit potential gradient. 
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These equations are in reality the same as those of Van 
Everdingen (p. 106), and in each case for complete dissocia- 
tion, the Hall coefficient is given by the relation, 

R= $(v—w). 

Donnan showed that the ratio of the Hall E.M.F. to the 
primary... MiF. ‘is: of thevorder of 16 <10 "2 1, for a field 
between 400 and 1000 gauss. He suggested that the effect might 
become measurable in a very strong magnetic field, if the 
fall of potential in the plate were 10,000 volts per cm. Since 
fields of 30,000 to 50,000 gauss may now be obtained with 
the improved semi-circular electromagnet, and since there are 
large storage batteries now in existence with 20,000 to 30,000 
elements, it would seem possible to measure the Hall effect 
in electrolytes in a very dilute state. 2 


b. Van Everdingen’s Theory of the Hall Effect om Electrolytes 

Van Everdingen “°»), 1898, deduced an expression for the 
Hall effect in electrolytes, in accordance with the following 
assumptions: The primary current in the electrolyte flows 
under an impressed E.M.F., H,, along the axis of X. The 
velocities of the positive and negative ions under a unit 
difference of potential are respectively «# and v. The magnetic 
field, H, applied in the direction of the axis of Y, sets up 
a difference of potential H#,, along the axis of Z. 

The Hall difference of potential for a very slightly dis- 
sociated salt is then, 


E,= — E,H(u—v), and oa a 


where ¢, is the concentration of the salt. 


oO, 


For complete dissociation, 
H,=-—+4 H,H(u—v), and 
Lee, (u + v) 
—.—= = HL, H ~—__— 
ce Bax aAiey 
in which ¢, is the concentration of both positive and negative 
ions, and A a constant related to the constant of diffusion 


for complete dissociation of the electrolyte. 
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e. Larmor’s Theory of the Hall Effect in Electrolytes 
Larmor %"°), r900, developed an expression for the Hall 
effect in electrolytes, for a dilute solution, in which the 
ionization is complete. The transverse electromotive force set 
up by a magnetic field, H, in a electrolyte carrying a current J, 
he found to be yet ese Li 
vutu 2ne’ 


in which v and w are the velocities of drift respectively of 
the cations and anions under a unit electric force, nm the 
coefficient of diffusion of the ions, and e is the ionic charge. 
Comparing the obove expression with the ordinary Hall 
effect equation, RHI 
ei 
and putting d=1, we have for the Hall coefficient, 
v—uw I 


= : : 
v+u 2ne 


Since »—w is small compared with v-+.«, it is evident 
that the Hall effect in electrolytes must be small. The author 
pointed out that, if the primary current flows from plate to 
plate in the electrolyte, so that the stream lines are parallel, 
the resistance of the electrolyte will not be changed by the 
magnetic field, but if the current flows between point elec- 
trodes the resistance will be affected. 


d. Wind’s Equation for the Hall Effect in Electrolytes 
Wind (599), 1894, deduced the following equation for the 


Hall effect in electrolytes: 
I v—u 


ne v+tu 


This equation is double the magnitude of that of Larmor 
above. This difference is probably due to the fact that Wind 
did not consider the dissociation of the electrolyte to be com- 
plete, while Larmor did so consider it. 


4 
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CHAPTER VII 
HALL EFFECT IN GASES 


"4 4. Hall Effect in Discharge Tubes 

Boltzmann ©° in 1886 investigated the Hall effect in 
rarified gases in a thin flat Geissler tube, Fig. 67, placed 
between the poles of an electromagnet. The secondary elec- 
trodes were platinum wires, S, S, sealed in the sides of the 
tube. The pressure in the tube was from 2 to 5 mm. of 
mercury. The Hall effect in avy was found to be negative, 
while that in hydregen and carbon dioxide was positive. In a 


H 


Fig. 67. Fig. 68. 


field of 1800 gauss the secondary current was 1/,, to 1/,, that 
of the primary current J. 

Boltzmann also employed the Righi method (p. 18), by 
allowing the primary current to enter the tube by one electrode 
and to leave by two electrodes connected to a differential 
galvanometer. 

Accurate quantitative determination of the Hall effect in 
gases is beset by many difficulties. The fall in potential in 
gases in a flame, or in a discharge tube, occurs almost entirely 
near the electrodes, as shown in Fig. 68. The fall at the 
cathode, C, is very rapid, a small drop occurs near the 
-anode, A, while along the intervening space, DB, the fall is 
exceedingly small. The Hall electrodes are usually placed in 
the region DJ, equidistant from the primary electrodes. Since 
the fall in potential in this region is small, and since the Hall 
effect depends on the fall in potential, the magnitude of the 
effect must be small. 


\ 


HALL EFFECT IN GASES 109 


The Hall effect in gases at low pressure has been de- 
termined by Wilson “9, 1901. The apparatus employed, 
Fig. 69, consisted of a glass tube, AB, with primary aluminium 


— Yo PUMP ETC G 


Fig. 60. 


electrodes, C, D, which could be moved along the tube by 
means of a magnet, and a ground glass stopper, G, into which 
were sealed the secondary electrodes, H, F. The secondary 
electrodes could be rotated into an equipotential surface. The 
Hall difference of potential was measured by means of a 
quadrant electrometer. 


Jean 


Volts per. cm. 


all. 
Omit eons Gr 9 90210 
Negative Glow. Faraday Dark Space. 


’ 


12 13c¢7ms. 


Discharge in Air. Pressure 2°¢ mms. Magnetic Field 29°4. 


Fig. 70. 
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In general, the Hall effect in gases at low pressure was 
found to be proportional to the potential gradient in the 
positive column and to the magnetic field, but independent 
of the main discharge current through the tube. 

The variation of the Hall effect in adr at low pressure 
along the discharge tube is shown in Bigw7o.. 1 heretcerais 
greatest near the cathode where the fall in potential is most 
rapid, reaches a minimum near the Faraday dark space, and 
increases again as the anode is approached. 

This variation is in accord with the fall in potential in » 
Fig. 68. 

The Hall effect was found by Wilson to vary inversely 
with the pressure, as shown in the table below. 


Hall Effect a Atr at Low Pressure 


Pressure, p, Hall E.M.F., | Magnetic Field, Zp 
in mm. Z, in Volts/cm. eli Te. 
2°91 0°356 | 45°2 220>< 10m 
2°23 0°475 458 2°32 
1°85 0°597 46°3 2°38 
1°22 ooI5 f 44°7 2°49 | 
0°983 r-20 | 46°3 2°54 | 
0'650 1°85 46°8 2°56 | 
0°508 2°42 46°3 2°76 
0°333 3°24 468 2°31 | 
0°266 4°60 46°4 2°64 
Mean: IMSS 


According to the above, the transverse difference of 
potential for air is ss Ve 

A= 0'0248 ==> 

ia, 


For hydrogen, Wilson found Z= 00205 ae for oxygen, 
H P | 
Z— 0005705 — 
p 
The Hall coefficient is given by the relation: 
3 Z 
a 
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The potential gradient along the uniform portion of the 
tube, D—B, Fig. 68, was found to vary as the square root of 
the pressure. For air, X= 34:9 |p; for hydrogen, X = 28 |p; 
for oxygen, X = 26°9 Y/p. 

The above values of Z and XY were found to hold for 
pressures from 0.1 mm. to 3 mm. 

Wilson %) showed that, if the ionzation and recombination 
are neglected, the equation for the Hall. effect in rarefied 
gases is identical with that for a completely dissociated salt 
solution, and that 

Z=1HX(v—u), 
where v and w are respectively the velocities of the negative 
and positive ions per one volt per cm. According to the 
above equation, the Hall coefficient iss R = 4(v—vw). 

Using the above relations for X, Z, H, p, v, u, Wilson and 
Martyn (598), 1907, computed values for v and w for air and 
hydrogen. The results are given in the table below. 


| (xa Z : Xp v in cm. per sec. | «in cm. per sec, 
| EE P volts/cm.| per volt/cm, per volt/cm. 
Ain oa 2.24 00248 | 3°38 mm. 68 19,700 450 
| Hydrogen | 070205 | As 55 25,000 5,000 


Wilson and Martyn discovered that a definite relation 
existed between the Hall effect in rarefied gases and the 
rotation of the electric discharge in a radial magnetic field. 
The electric discharge was made to rotate continuously round 
a pole of a magnet inserted in the discharge tube. It was 
found that in rarefied air, hydrogen, and nitrogen, the trans- 
verse velocity, V, of the discharge was proportional to the 
pressure, p. Me soon gs 
in which C is a constant depending on the gas. But the Hall 
difference of potential is given by the relation 

dat 


4 vA ome 
Pp 
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Dividing, we obtain : 
) 
Li G Ve 
Which means that the Hall effect is proportional to the trans- 
verse velocity of the discharge. 

The Hall effect in a mercury vapor lamp was determined 
by Schenkel “7, 1906. The Hall effect is given by the equation 
BR=Z PAA 4(K— 4); 
in which Z is the transverse difference of potential set up in 
the tube by the field H, X is the fall in potential along the 
tube, and K, and K, are respectively the mobilities of the 


positive and negative ions. The table below gives the results. 


Hall Effect in a Mercury Vapor Tube 


Kind ke 


H Temp. | Temp. | Pressure | Pressure | A, — K, 
i Max. 


Low High Min. Max. Min: 


0°60 gauss| 76°5° C.| 77°5° C.| 0°31 mm.| 0°32 mm.| 1°96><10"| 2°02><107 


1°20 67°5 760'°5 O21 0731 1°60 PRT 

1°80 OR FXO o18 0°26 1°38 2:0 

2°40 70°0 pals 0'24 0°32 1°46 1°84 | 
3°00 69°0 780 0°24 0°32 Teas 1°58 | 


According to the above, the mean difference in velocity of 
the negative and positive ions is (K, — Ky) p™™- °! 49 1-7 ><107cm. 
per sec. per volt. 

This difference in mobility of mercury ions is more than 
100 times that found by Wilson for air, oxygen, and hydrogen. 
This large excess of the negative mobility probably accounts 
for the unipolar conductivity of the mercury vapor lamp. 


2. Hall Effect in Flames 
The Hall effect in flames was investigated by Marx (355), 
1900, in the following manner. A specially devised flat 
Bunsen burner, B, Fig. 71, was used. The gas pressure was 
kept practically constant by means of an automatic pressure 
gauge. Salt solutions of varying strengths were sprayed into 
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the flame by means of a Gouy vaporizer. The primary elec- 
trodes, P, P, were of platinum gauze, the mesh of the cathode, 
C, was coarser than that of the anode, A. The secondary 
electrodes, S, S, were of fine platinum wire. The flame required 
so much space between the poles of the electromagnet, that 
only fields from 3000 to 8500 
gauss could be obtained. The 
primary electrodes were charged 
from a battery of 72 Clark cells, 


and the potential of the cathode 
was kept at about five times the 
potential of the anode. The 
potential of the primary elec- 


trodes was measured by means 


Ris. 71. 


of a quadrant electrometer, while 
the Hall E.M.F. at the secondary electrodes was measured 
by a Dolezalek-Nernst electrometer. 


Marx deduced the following expression’ for the Hall 
coefficent: fe Ss I 


. I 
Br ae oR gens age ae 


in which e is the transverse Hall E.M.F., % the distance 


between the Hall electrodes, and = the potential gradient along 


the primary current, and v and w the velocities of the ions. 
The following table gives the Hall effect in a flame 
sprayed with a 2>normal solution of KCl. 


Hail Effect in 2 Normal KCl Flame 


Air pressure 104 cm. Primary electrodes at +-17°2 and — go‘4 volts 
e % Ha veh R 
0°07,96 volt 1°48 .cm.!| 2°77 volts/em.|° 5075 — 3°81><107® 
071386 1°60 6°36 3600 — 3°78 
+ 0°2087 173 58 8180 — 3°64 
0°4601 1°66 85 8400 — 3°88 
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According to the above results, the Hall effect is in- 
dependent of the field, the potential gradient, and the distance 


between the secondary electrodes. 
The next table gives the variation of the Hall effect with 


concentration of the salt solution. 


Hall Effect in KCl Flames 


| o-normal | 1/, normal | */, normal | */, normal | 2><normal |3°8><normal | 

- | 

R><10°} — 10°18 | — $24 | — 5°40 | — 4°26 | — 378 | 33°75 | 
For a saturated flame, &R = — 3'7 =< 107%. 


The curve in Fig. 72 shows that the Hall coefficient, R, 
falls rapidly as the concentration 


>, 
12+ 
increases from o to 4/,><normab 
| solution, and then approaches. 
8 
a constant value. 
The table below gives the 
4+ , 
Hall effect as determined by 
; n Marx for flames sprayed with 
} 2 3 4 2><normal solution of several. 
Fig. 72. univalent salts. 
Hall Effect in 2>< Normal Salt Flames 
Solution At, Wt. 1 VAt. Wixk 
= { 
SCIPS os a) ERs eH —1772><10°° 19°83 
aUON@I Ss A ole UR ey comet — 27 24°05 
VG &.4o 76%) yy ori“ — 378 23°04 | 
NEKO oo, oy) INES 2280s — 5°06 24°3 
TiC ye cere eee OG || 7 OO 20°79 


The Hall effect increases while the atomic weight de- 
creases, and the product of the square root of the atomic 
weight by F is nearly constant. 

Marx found that if the cathode and anode were kept at 
the same temperature, the fall in potential occurred almost 
entirely near the cathode. If, however, the cathode was kept 


HALL EFFECT IN GASES Haus 


considerably hotter than the anode, the fall in potential was 
more evenly distributed between the electrodes. For this 
reason the mesh of the cathode was made coarser than that 
of the anode, and the anode was always placed in the upper 
and cooler portion of the flame. Hence the primary current 
could not be reversed. 

The sign of the Hall effect in all the salts examined by 
Marx was negative. 

Moreau 77), 1902, measured the Hall effect in flames 
impregnated with potasstwm and with sodium chloride solutions. 
He measured the mobilities of the positive and negative ions, 
4K, and K,, and computed the Hall coefficient, R, from the 
relation R= (h,—A,). In this, as in the Wilson formula 
below, the dissociation is incomplete, while in the equation © 
of Marx the dissociation is considered complete. 

The following table gives Moreau’s calculated and Marx’s 
observed values for FR for flames sprayed with A Cl solutions. 


Hall Effect 1 KCl Flames 


| | Pure Flame | */, normal | */, normal | 1/, normal | 2><normal | 
R><10° Cale. | — 127 — 82 | —-7 | — 62 | —5 | 
R><10° Obs. | — 10°2 — 824 | — 54 | — 4°26 | — 3°8 


Wilson 97), 1914, pointed out that, since in a Bunsen 
flame the velocity of the negative ions is large compared with 
the velocity of the positive ions, K, may be neglected, and 
X—HY= K,—K,, becomes K, =—X-HY. The negative 
ions in a flame are supposed to be free electrons, hence A, 


should be independent of the nature and concentration of the 
salt in the flame. 

Wilson suggested that Marx’s results, which seem contrary 
to theory, were due to the fact that he used a small flat flame, 
that the primary electrodes were placed in a vertical direction 
and 3 cm. apart, and that the secondary electrodes were the 


same distance apart in a horizontal direction. The primary 
S* 
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electrodes (Fig. 71, p. 113) are equipotential surfaces, and 
their nearness would tend to prevent a difference of potential 
being set up in the Hall electrodes. The greater concentration 
of the salt and hence the greater conductivity of the flame 


Fig. 74. 


would increase the influence of the primary electrodes on the 
secondary electrodes, and in consequence of this masking, the 
Hall effect would seem to diminish with concentration. 

To avoid this influence of the primary on the secondary 
electrodes, Wilson used a large thin flame 12 x12 >< 1°5 cm.,, 
Figs. 73, 74. The electrodes H and EH’ were platinum disks 
5 cm in diameter and were kept 9 cm. apart. ‘The Hall 
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effect was measured by two fine platinum wires, H and H’, 
placed near each other, and connected to a quadrant electro- 
meter. When the field 17 was on, the plane of the wires H 
and H’ was rotated until they were in an equipotential plane. 
Then the angle of rotation of the equipotential plane by the 
magnetic field is given by the equation 

tan’@) = = ‘ 


in which X and Y are respectively the potential gradients 
along the axes x and y. For a constant field of 7,700 gauss, 
Wilson obtained the following results. 


| 

Hall Effect | 
angle © 
| 


| LiCl 2% | Na, CO, 2°4% | K,CO, 2°6% | RbCl 2% 


10°9° | LOe fa | TOs | 10°8° 


Accordingly, it seems that the Hall effect and the velo- 
city of the negative ions in alkali metal salts are independent 
of the metal and its atomic weight. 

The following result was obtained for a change in con- 
centration of A, CO,, in a field of 7,700 gauss. 


Concentration | 10 % | 2°6 % | 0°26 % 


(2) | imo | 107° | 100° 


Marx found a decided decrease in the Hall effect with 
increase in concentration, while here we have a slight increase. 
For a constant concentration the Hall angle decreases with 
the field as shown below. 


Salt | Concentration | Field | 0) 
Ke CO. | 2°6 % | 7,700 | Ory” 
a s 4,800 Foe 
a | yy, 2,250 Brie 


Here the tan © varies nearly directly as the field strength. 


3. Hall Effect in the Electric Arc 
The Hall effect in the electric arc was investigated by 
Child 7), 1904. The secondary electrodes were carbon pencils, 


4 
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placed so that these points were at the same potential. It 
was, found that the magnetic field produced a difference of 
potential of about 1°5 volts.. This effect could not be produced 
by blowing the arc to one side, nor by shifting the electrodes 
to one side of the arc. The effect was found to diminish 
with decreasing field strength. Change in the strength of the 
current through the arc and change in the length of the arc 
did not appreciably influence the magnitude of the effect. 

The effect was found to be practically the same in an 
enclosed arc. Reduced pressure produced no marked change 
in the effect, until a pressure of 20 cm. of mercury was 
reached. Between pressures of 20 cm. and 10 cm., the effect 
diminished rapidly, and at a pressure of 1 cm., the effect 
disappeared entirely. The effect seemed independent of the 
anode and cathode drop, but decreased with the total difference 
of potential in the arc, and became inappreciable when the 
voltage across the arc was less than 30 volts. 

Salts sprayed into the arc diminished the effect, and 
potassium nitrate was found to reduce the effect almost 
to zero. 

If the large difference of potential set up by the magnetic 
field in the electric arc is a true Hall effect, the negative 
ions must have a very great velocity. This may be accounted 
for by the large fall in potential along the arc and the high 
temperature of the arc. 

Child further observed that the Hall effect in the electric 
arc is zero, when the fall in potential at the anode is small. 
This he considered due to the positive ions having a greater 
velocity than the negative ions. 

The Hall effect in the electric arc seems worthy of 
further investigation. 


4. Thomson’s Theory of the Hall Effect in Gases 
The following theory of the Hall effect in gases, developed 
by Sir J. J. Thomson (#4), applies to all cases of conduction: 
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of electricity through gases containing ions, whether in flames 
or discharge tubes. 

The primary current is supposed to flow parallel to the 
axis of x, and the magnetic field acts at right angles to this 
direction along the axis of %. The components of the electric 
force parallel to 2 and « are respectively X and Z The 
velocities of the positive and negative ions under unit electric 
force are wand v, while m and nm are the number of positive 
and negative ions respectively per c.c. at any point. It is 
assumed that the ions behave as a perfect gas. 

Under a magnetic field of strength, H, it is shown that 
the transverse E.M.F. is given by the equation 
XH (nv — mu) 
mtn : 


The current carried by the positive ions is %)=emuX, 


va 


and that carried by the negative ions is 7,—=envuX. Hence 
the above equation may be written, 
_Hé—%) 
é(m-- 2) 
At a place where there is no free electricity, m=n, 
and the equation becomes 
L=4 XH (vy —u), 
and the Hall coefficient is 
Z 


1(y 
Rack gr iri x (v—wu). 


The above equation is the same as that deduced by Van 
Everdingen (8), Donnan (47), and Larmor (3"°) for the Hall effect 
in electrolytes, by Marx 55) for the effect in flames, and by 
Wilson 6) for the effect in discharge tubes. 

Wilson 94) has pointed out, that, in the case of electric 

discharge in tubes, the magnetic field alters the distribution 
7 of the current and ionization, so that a concentration gradient 
is’ set up across the tube, and that consequently Z in rare- 
fied gases is only one-half what it is in flames, in which the 
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magnetic field leaves the ionization unchanged. Hence the 
Hall effect in flames is given by the equation 

Z 

i= XA 

This relation only holds true in portions of the flame a 


= (v—U). 


little way in from the edges where Z and X are uniform, 
that is, where ionization and recombination are equal. 
Further investigation of the action of a magnetic field on 
’ cathode and positive rays, on ionic clusters in discharge tubes, 
on flames, on electric arcs, and other electric discharges in 
gases, may shed valuable light on the influence of the magnetic 
field on electrons and atoms in metals, and thereby contribute 
to.a clearer understanding of the Hall and allied phenomena. 


Hail Effect in the Elements 


Element Temperature ps6 R Observer 
Aluminium»... 20°C. | Ind. Field-| — 000038 Ettingshausen 
and Nernst 
— — —o'00040 | Zahn and Schmidt 
20° Abs. — — 0°000248 Alterthum 
SB 55 — — 0'000200 5 
1043S = — 0000390 fe 
20112 Wis -- — 07000390 y 
Antimony... . | Room temp. — + o114 Hall 
AE 4,080 + 0192 Ettingshausen 
F and Nernst 
C.P. | —189° 6,160 + 0'246 Barlow 
y 215° 1,750 | + 0'2I19 “3 
ce sf 24,700 —- o' 186 re . 
BOO 6,160 -- 0'202 x 
18° Ind. Field | + o:219 Zahn 
20° Abs. -— i  Omia2 Alterthum 
Sarria == ee 0163 A 
194° ,, = -- 0°140 i; 
PASIAN ge ++ 0125 . 
Bismuth .... | Room temp. — = Os50 Hall 
AOC, 1,650° | — 10°27 Ettingshausen 
and Nernst 
» 11,100 — 4°95 6 
_ eq lek 13° €, 3,930 — 6°33 Zahn 
. 10,570 — 482 a 
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Element _ Temperature H R Observer 
Bismuth . C. P. 145° Sole) — 578 Traubenberg 
104° z i283 IS 
, ry ie = — TI13 ” 
gis es (melting) zs — 0°25 
gras OCA bs: 1,000 TOO Onnes and Hof 
Fi 11,300 SOs ra 
| Cadmium... . 20°) G: 12,370 -++ 000055 Ettingshausen 
and Nernst 
16° — + 0700088 Unwin 
20° Abs. | Ind. Field} + 0:0020 Alterthum 
Lt ee is -+ 0°000795 %5 
194° es -- 0'000605 i 
291° 5 + 0000589 re 
ASE OE as. 11,800 -+ o'00101 Onnes and Hof 
BORN mye i +- 000176 s 
BO0% >. 12,000 + 0°00055 es 
Carbon ..... 20°C. 11,160 | —o'176 Ettingshausen 
(Microphone disc) and Nernst 
go° 10,270 — 0'160 Zahn | 
Graphite .. . 4°5° Abs 11,800 + 1°52 Onnes and Hof 
BOE) x + 2:22 - 
7 a ” + 9°74 . 
Dee 5,460 | a —o'71 Gottstein 
ii . Ri — 0°487 ‘ 
/ 90°2° Ra — 0'622 “ 
2 vd Ri —0'441 ¥ 
(OGrahayie: a 24° Ind. Field | -}- 000192 Smith, A.W. 
Gapaient.s 5. Room temp. 3,463 ++ 0'00246 Hall 
- — + 0°00245 Unwin 
,, Electrolytic BAl CG, 4,400 --+ O'00161 Zahn 
pn SUR pean Room temp. 5,050 +- O'00155 Ettingshausen 
and Nernst 
Ripe tad.) 2 = ne —- 0°00459 3 
BAG, 17,000 -- 0'0024 Smith, A.W. 
Coppersa ger. - one Ind. Field | — 0'00052 Hall 
~| Room temp. | 12,010 — 0'00052 Ettingshausen 
and Nernst 
4 — — 0°00055 Unwin 
Pia tl ee 20°C. | Ind. Field} — 0'00054 Zahn 
Ly ne Hs — 0'000428 
20° Abs, s — 0'000605 Alterthum 
4 Bans “ — 0'000792 53 
14 1 ” — 0°000553 » 
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Element Temperature iT R Observer 
Coppers er. - 291° Abs. | Ind. Field | — 0'000528 Alterthum , 
TAR Sn ss 59 — 0'000656 Onnes and 
Beckman 
DO came Fa — 0'000662 “A 
2OOCmas. 3 — 0'000492 3 
Golde aman BAC: £ — 0°00066 Hall 
Room temp. 9,010 — 0°00071 Ettingshausen 
and Nernst 
20° Abs. | Ind. Field | — 0000857 Alterthum 
83 "as; ': — 0°000726 . 
TOA ener a — 0°000712 . 
? {Se ae ” — 0°000704 if 
gto” C 4,320 — 0000769 Frey 
840° 4,790 | —0'000750 :, 
14'5° Abs, | Ind. Field | — o-000982 Onnes and 
Beckman 
20:3 Pe i — 0°000981 z 
| 290° Abs. s — 0'000724 a 
| IBA ence ec BAweC: r —0'000073| Smith, A.W. 
} Iridium I. 20° 7 + 0000402 Zahn 
Il. i + 0000364 % 
bulRons.. ac, ake Room temp. = + 0'00785 Hall 
y 53750 a OlOns Ettingshausen 
and Nernst 
” = + 0°0087 Unwin 
ee tSOlt ena 12:0: 5,300 -++ 000794 |Halland Campbell 
5, Silesia 18° 6,290 -- o'0108 Zahn 
24° 17,000 -- o'O110 Smith, A.W. 
Rae SOl eee Tole 3,700 + oo114 Moreau 
~ Baie 17,000 + 00103 x 
mee UT fe icmp 2s 20° Abs, —_ —- 000144 Alterthum 
Sy non omental Bee oy — + 0°00133 . 
ree | nO =, —- ++ 0'00409 ms 
| PERS rae x — + O'O1123 “i 
ie) Bcr- Vs ae en DOC 11,400 -+o'00009 | Ettingshausen 
and Nernst 
4°25° Abs. 5,000 -+ 0'00008 | Onnes and Hof 
‘ 11,300 + o'00018 5 
D Oe " + 000013 * 
| Lithium BANE. Ind. Field | — 0'00170 Smith, A.W. 
| Magnesium . . . | Room temp. 3 — 0'0035 Hall 
BOG. 7,390 — 0'00004 Ettingshausen 


and Nernst 
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Element Temperature H R Observer 
Manganese .. . = -— —0'00093_| Zahn and Schmidt 
Molybdenum . . 40. Ind. Field} + 0'00126 Smith, A.W. 
IN TANG We Room temp. — — 00147 Hall 

53 1,550 — 0°0242 Ettingshausen 
and Nernst 
» - — 0°00294 Unwin 
78% G: 6,200 — 00125 Zahn 
», Electrolytic - 10,620 — 0'00469 i 
Pures ets. ey 1,700 — 00123 Moreau - 
a Ne Rm + 13,800 — 0700508 te 
bn Ne ae 20° Abs. — — 000152 Alterthum 
as Soa — — 000138 a 
a rO4. Ye. - — 000280 . 
” 200! 5, — — 0'00470 Be 
Aa5) 11,300 <o'00001 | Onnes and Hof 
BON OF ee ¥ < 0'00001 - 
Palladium ... 20: <C. 5,800 — 000115 Ettingshausen 
and Nernst 
> LS ne Ind. Field | — o'000691 Zahn 
ile Fe ~ 3% —— Or OOiet 12 ae 
Room temp. | 20,300 —0'000769| Smith, A.W. 
Saturated with 
hydrogen . . an » — 0°000754 » 
14°5° Abs, | Ind. Field | — 0:001374 Onnes and 
Beckman 
BO ees M4 — 0'001368 s 
ZOO". 5 +) — 0'000675 _ 
Platinum ... . | Room temp. = — 0°00024 Hall 
Boe GC: 12,000 — 0'00024 Ettingshausen 
and Nernst 
m Ind. Field | — 0'000127 Zahn 
20° Abs. re — 0000199 Alterthum 
Sanh % — 0.000108 Fy 
tr eee A —0'0000904 Me 
eoT a. Be — 0'000202 ‘4 
160° C, 5,500 — 0000188 Frey 
1325° 5,300 — 0°000271 3 
Selenium .... a = Negative Amaduzzi 
Siliconnees Saale Za, Ind. Field | ++ 41°00 Smith, A.W. 
a. ~ <a 50° is -+ 23°00 Buckley 
ES yee f = =a G00 ” 
BL ratttts Hoy f - ++ 12°00 99 
TSF 6,150 Ra -+ 206 Gottstein 
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Element Temperature H Ti Observer 
Silicon) Jct aud. EO. 6,150 | Ri + 120 Gottstein. 
89°7° » Rg - [25 5 
iy - Ri + 87 5 
Silvers Gaeueist Room temp. — — 0'00086 Hall 
AO (C. 9,160 —o0'00083 | ° Ettingshausen © 
and Nernst 
Room temp — — 0'000838 Unwin 
AO Ind. Field | — 0'000897 Zahn 
2°3 °Abs.| 11,300 — 070016 Onnes and Hof 
425” 45 » — 00016 - 
piney Oe Ind. Field | -—0'0009 Onnes and 
Beckman 
20°3° ‘ — 0001014 e 
ZOOt ys S — 0'00080 x 
Sodium: ae Bore, 8,700 — 0°0025 Ettingshausen 
and Nernst 
Steclwaicaeee - AS = + o'0175 of 
Tantalum 2A? Ind. Field! -! o:oo101 Smith, A.W. 
Tellurium Bow, 2,800 + 530 Ettingshausen 
and Nernst 
nie Ind. Field | -- 784 Wold 
65° 4,000 ++ 430 Lloyd 
= a + 500 Zahn 
= ie Bleow 8,800 + 536 Smith, A.W. 
ih, 2Owee a -+ 621 x 
Thallium 24° Ind. Field | -+ 0'00024 i. 
Bb eea3 15 <A eae Room temp. — — 0'00002 Hall 
9 4,970 — 0'00004 Ettingshausen 
and Nernst 
Zou ADS) eel e200 -++ 0000098 | Onnes and Hof 
425°, %; - 0°000026 ss, 
Tungsten... . BAC, Ind, Field | -++ 000118 Smith, A.W. 
ZINC erate eee Room temp. _— + 0:00082 Hall 
5 8,550 + o'00041 Ettingshausen 
and Nernst 
- = - 0'000763 Unwin 
202.G; 5,000tor1,000] -+ O'00T04 Zahn 
Zp) 25,000 -+ 0'00033 Barlow 
80° 4,330 + 0°000530 Frey 
200° 5,120 + 0°000446 * 
400° 5,400 ++ 0°000534 A 
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CHAPTER VIII 


1. The Corbino Effect 

Corbino “°), 1911, discovered three galvanomagnetic 
effects, which are brought into existence under the following 
conditions: 

t. When a circular metallic disk, in which flows a uniform 
radial electric current, is placed in a magnetic field perpen- 
dicular to the lines of force, a circular current is set up in 
the disk. The density of the secondary current is inversely 
proportional to the radius of the disk. 


2. If the disk carrying the radial current is placed in 
the magnetic field so that the plane of the disk is oblique 
to the lines of force, the field produces in the disk a torque 
that tends to turn the disk. 

3. If the disk, carrying no current, is placed at right 
angles to the lines of force, a radial current is induced in 
the disk when the magnetic field is excited, and an opposite 
current is set up when the field is removed. 

In his investigation of the above effects, Corbino employed 
a disk of bismuth, B, Fig. 75, 6°5 cm. in diameter and 0:28 cm. 
thick. In the centre of the disk was inserted a stout copper 
wire, W. Around the edge of the disk was a copper ring, 
AA, to which was fastened a copper tube, 7. The radial 
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cutrent entered the disk through the wire W, and left by 
the tube, 7. The tube 7 enclosing the wire W was inserted 
in one pole piece of the electromagnet, MM. The hollow 
coil, CC, was connected to a galvanometer. Whenever the 
radial current in the disk was made or broken, in the pre- 
sence of the magnetic field, a current was induced in the 
coil CC by the circular current set up in the disk by the 
action of the field. It was found that the circular current 
changed direction with that of the primary radial current and 
of the magnetic field. In general the circular current varied 
directly as the strength of the radial current and as the 
magnetic field. 

With a radial current of about 15 amperes, Corbino 
obtained the following results for bismuth. 


Corbino Effect in Bismuth 


. Current C, C : 
Field, H in Coil CC H LOX 
3700 0°26 amp. 7 
5700 0°31 56 
7000 O34 _ 49 
8200 0°36 43 
gooo 0°37 4 


The Corbino effect in bismuth is thus seen to decrease 
in higher fields. 

Corbino developed expressions for the several effects 
discovered by him, based on the supposition that the electric 
current is carried by both positive and negative ions. 

For the first effect noted above, he obtained for the 
circular current, O, the equation: 

HIH v; 


Tegiee 
A 98 yet 


in which # is the differential moment of the ions and equal to 
€0,V,;—@ OV, 
Oo d 


where e is the electric charge; v, and v, the velocities of the 
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bo 


Al: Roe 0; 0» ‘ Le 
positive and negative ions; — and — the partial conductivities 
0 


of the ions; J the primary radial current; H the field; 7, and 
7, the external and internal radii of the disk. Since e is 
negative, C is positive when the mobility of the positive ions 
is greater than that of the negative. 

The Corbino effect is said to be positive when, while 
the primary radial current is flowing toward the centre of the 
disk, the circular current set up in the disk has the same 
direction as the magnetizing current in the coils of the electro- 
magnet. The effect in bismuth was found to be negative, and 
that in antimony positive. 

The expression found by Corbino for the torque set up 
in the plate by the magnetic field was: . 

oe — HISH? sin 2@, 

in which W is the energy of the disk in the magnetic field; 


@ the angle the normal to the disk makes with the lines of 
force; S, the effective area of the disk, ~(r;—7‘); while L, 
J, and H are as defined above. 

The disk tends to turn in an opposite direction when the ° 
radial current is reversed, but not when the field is reversed. 

For the radial current induced in the disk by the 
magnetic field, when no primary radial current is flowing, 
Corbino obtained the following expression, 


A EME 8 PG 38 
in which Q is the total quantity of electricity flowing radially 


in the disk, S and H as before, Hy the final value of the 
differential moment of the ions due to the field H, and @ the 


4760 


resistance of the disk. 


2. The Corbino Effect a True Hall Effect 
« Corbino considered the effect discovered by him to be 
distinct from the Hall effect. He claimed that, while the 
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Hall effect is due to the rotation of the equipotential lines 
in the magnetic field, in the circular disk carrying a radial 
current the equipotential lines are concentric circles, and that 
these lines are not bent or rotated. 

Adams 7), 1914, however, showed that the Cérbino 
effect is, in reality, a Hall effect. He supposed a circular 
disk, Fig. 76, to have a hole in the centre, that a small sector 
is cut from the disk, and that the primary current enters by 
heavy wires, JV, W, soldered to the edges of the disk. Since 
the resistance of the wires is low, the current density in the 
disk is inversely as the radius, and there is no radial current. 
The radii are the equipotential lines. If wires w, wz, are 
connected to a galvanometer, 
and the disk is placed in a 
magnetic field, a difference 
of potential will be set up 
at A and B. That is, a true 
Hall effect will be produced. 
Now the ordinary rectangu- 


Fig. 76. 


lar Hall plate may be con- 
ceived of as bent into the Corbino circular disk, and when 
the primary current enters by one of the wires, W,W, a 
difference of potential is set up by the field at 4 and B. If 
the primary current enters and leaves by the wires, w, w, as 
in the Corbino case, the field will set up a difference of 
potential at the edges of the sector, and a circular current 
will result, when the sector is closed in. Hence the Corbino 
effect is in reality.a Hall effect, due toa difference of 
potential set up in the disk by the magnetic field. 

Adams developed expressions for the three Corbino 
effects in terms of the motions of negative electrons. He 
assumed that the electric current was carried entirely by free 
negative electrons, that these electrons in the absence of an 
electric field travel with equal velocities along zigzag paths, 
from collision to collision with the atoms of the metal, that 
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the collisions between electrons and atoms are similar to 
collisions between hard elastic spheres, that the external 
electric field causes the electrons to drift in a direction opposite 
to the field, and that the magnetic field causes the paths of 
the electrons to bend, so that there is a component at right 
angles both to the electric and to the magnetic field. 

The expression for the circular current produced in the 
disk by the magnetic field he found to be, 
rec log te SET log =, 


aT i 
470m a 27 1 


(hee 


in which ¢ is Corbino’s constant H# (p. 126), and is equal to 
ts:65, : : 
——T; H, I, rz, 7, are defined. on p. 127, T is the free time 
2m = 

of an electron, and e and m the charge and mass of an 
electron. 


The expression for the torque according to Adams is: 
ow Chas 
es —— sin 2 @. 
o@ . 167m ‘ 


All the terms of the above expression have been already 


defined, p. 127. 
For the radial current produced by the magnetic field, 


the expression is, 


eS 
28s 162zmR- 


in which FR is the resistance of the disk, and the other terms 


she 


as before. 

Adams suggested that the Corbino effect is the funda- 
mental galvanomagnetic effect, since it is independent of the 
thickness of the plate and of the free boundaries that in- 
troduce difficulties in the interpretation of the Hall effect. 
When a transverse current is led off from the edges of a 
rectangular Hall plate, the distribution of the current in the 
plate becomes complicated, and it is difficult to apply the 
electron theory to metallic conduction under these circum- 


stances. 
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3. The Corbino Effect in Various Metals 


The Corbino effect in a number of metals was measured 
by Adams and Chapman °), 1914. Their method was a 
modification of that of Corbino. In the following table are 
given the Corbino effects compared with that of copper as. 
unity, and the relative Hall effects for the same metals, taken 
from the Recueil de Constantes Physiques, 1913. The Corbino 


where H is the field strength, and 


: m 
effects are in terms of —— 


He 
m is computed from the equation, m = ae in which J is 


Y 


the mutual inductance between the circular current C and the 


coil near the disk, and J is the primary radial current. 


Corbino Effect Corbino Effect 
Metal Hall Effect m Metal Hall Effect m 
vil ia 
(Orono —1'0 A Gan see — 1°60 — 18 
Be ® ss a 220 == 2°65 ING ge 6 — 9°04 — 33 
Al .s. | —0'73 — 0729 TLEOW Bo + 0°63 +013 
Bie oat) —=2l0;7100 — 1500 diem +- 106 + 0°27 
Slacas - 4210 +148 Ge Pella Coe 
; Staeens — 0'077 < oor 
Er panies 40 ere Ris a | Sorry < 0°01 
BNET Sy || =e —0'77 | 
| 


throughout, but the © 
not always good. 


The two effects have the same sign 
agreement in the order of magnitude is 
Later Chapmann “"4), 1916, pointed out that, since the 
Hall effect is computed as a difference of potential and 
the Corbino effect is measured as a current, if the values 


m ite 
re referred to copper, are multiplied 


by the ratio of the specific resistances of the metals to 


of the Corbino effects, 


o ; ; 
copper, —-, a better agreement is secured, as shown in the 


u 


following table. 
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Hall and Corbino Effects 


Metal H | Hall Effect eA ae 
| dW eCu 
(Oahu Neen gad eae Ind. H /—10 — 10 
Bierih ay «cot k 3700 + 219 + 1674 
Re Rae Soe ed | Ind. H — 073 —o'4s 
Bieta ees 16050 — 19750 — 20100 
Seo. ot ie eee 3930 | — 12206 — 16300 
oS OSS cow ete aS 1750 + 421 557 
| Rea cee ene Tod? — 046 . —0°56 
Nae: (oteee eee | —1'27 — 2°34 | 
(Mao ea pee ee £. — 1°60 — 1°61 | 
ay Ca ae 1700 — 23°7 — 32°0 
ae ne — , + 0°63 + 0°53 
Hemet Seis Ind. H + 106 ++ 1°37 | 
COE VeRO Se 3460 + 4°61 + 5°86 


| 
I. 
= = 


While the general agreement in the order of magnitude 
in the above results is fairly good, the lack of better agree- 
ment may be due to the fact that the two effects were 
determined in different specimens of the metals, and also 
may be due in part to the influence of the free boundaries 
on the Hall effect. In the case of the Hall effect, the presence 
of the Ettingshausen effect gives rise to a temperature 
difference at the edges of the plate, and this in turn, because 
of the Thomson effect, produces a difference of potential. 
While in the Corbino effect, the presence of the junction of 
different metals at the centre and at the circumference of 
the disk gives rise to a Peltier effect, and the Corbino effect 
becomes complicated by the radial heat flow, that in turn sets 
up a circular current in the presence of the magnetic field. 

The following table gives the variation of the Corbino 
effect with the field strength for several metals as determined 
by Adams and Chapman), The Corbino coefficient, ¢, is 
computed from the equation 
i C To 


peed eee 2 
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N32 
Corbino Lffects 

Metal H e><10' Metal jal BE<itow 
| COppenme ts e7 SLO" |e 286 Bismuth . . 20 | — Fit 
| 6750 2.51 || Antimony . | 7210 | + 37°5 
| 5920 2°61 6180 38°3 
4220 2'40 ; 4380 407 

| 2820 3°36 2590 40°9 
lietoiiea Ag aes 8450 | +7713 | Platinum. . | 7056 | —o199 
7620 6°60 Goldy 772: . =| 66405 |) =7509 
6750 6°58 5250 2°06 

4890 664 || Silver... . | 6900 | — 4°78 

3300 | 6°55 I 6240 | 5°05 

2060 8:27 5510 4°86 

1390 ras She 4580 4°84 
Aluminium. | 7970 | —0'770 || Nickel .. . | 6930 | — 11°76 
6850 0°69 5970 13'0 

5660 0°83 4810 146 

i Bismuth). | 177208) —=Ben 3730 145 
6540 415 2570 14°4 
5820 443 || TRYIN C.F is hae 7470 | + 0°343 
4690 520 || Cadmium . | 7210 | +o715 

2630 Ong hit Cobaltnessn a7 sOm 2.48 

953 666 || 6690 2°61 

419 Shoji || 5360 2°63 

107 73a 


According to the above results, the Corbino effect, c, 
is nearly independent of the magnetic field, except in the 
case of bismuth, where the effect increases as the field de- 
creases. However, in all the above metals the effect tends 
to decrease’in higher fields. 

The following table gives the results of Chapman’s (4) 
determination of the Corbino effect and the Hall effect in a 
circular disc of nzekel. The four electrodes for measuring the 
Hall effect were placed 90° apart. 

Each effect at first increases with the field, reaches a 
maximum, and then decreases. The Corbino effect was found 
to be independent of the thickness of the disk. 
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Corbino and Hall Effects in Nickel 


H | e107 H R 
O15 |) == 27°60 1100 — O'OI401 
| 1830 ° 10°60 2305 001448 
2810 10°79 3420 0'01526 
4580 10°07 5700 O'O1581 
6550 10°62 7750 0°01305 
7950 9°45 g150 + O'O1127 
0025 8°44 10200 0'00908 


The Corbino effect in cron was found to rise rapidly 
with field strength at first. The effect reached a sharp 
maximum in a field of about 950 gauss, then diminished 
rapidly until a field of about 2000 gauss was reached, when 
the effect became linear and gradually decreased. 

In order to find out whether the peculiar variation of 
the effect in iron could be attributed to a lack of uniformity 
in the magnetic field because of the 1 cm. hole in one of the 
pole pieces of the electromagnet, Chapman placed the iron 
disk and adjacent coils in a long solenoid, so that a uniform 
field might be secured. 

_ With this new arrangement Chapman thought he found 
a reversal of the Corbino effect in a field of about 250 gauss. 
In a personal note to the writer, Prof. E. P. Adams, April 28, 
1920, said: “I have found that Chapman’s results on the 
Corbino effect in iron, the reversal in sign at low field, were 
wrong. Apparently the true effect was masked by a false 
effect arising from inductance in another part of the circuit. 
So it appears that there are no outstanding differences 
between the Hall effect and the Corbino effect that cannot 
be accounted for by experimental errors.” 
In tron, nickel, cobalt, bismuth and antimony, the Corbino 
and Hall effects are not proportional to the magnetic field 
strength. This may be accounted for by the fact that the 
free time of an electron is not constant, but depends on the 
strength of the external field. 


134 GALVANOMAGNETIC PHENOMENA 


According to Adams ), the Corbino effect, which implies 
an increase in resistance in the magnetic field, is related to 
this increase by the equation, 

= = °H?, 

in which 7 is the specific resistance of the metal, and ¢ is 
the Corbino coefficient. This equation requires an increase 
in resistance in thé magnetic field. Some metals, however, 
show a decrease. The Corbino effect cannot therefore be 
the sole cause of change of resistance in a magnetic field. 

; Smith (K. K.) 49%, 1916, determined the Corbino effect 
in several metals by measuring the torque produced by the 
magnetic field on disks of the metals carrying a radial cur- 
rent. The disks were suspended by a fine phosphor bronze 
wire, whose torsional coefficient was known. Readings were 
taken when the normal to the plane of the disk made an 
angle of 45° with the lines of force. The Corbino effect, 


af 
i; =~ a was computed from the equation 
ow I 
= Hi, 2 si 
a0 oS EISH? sin 2. 


The following table gives the results of Smith’s deter- 
minations of # and 7) and also those of Adams and Chapman. 


R B T (in Sec.) E 

Metal ike 0 = 
ae (Smith. K. K.) (Adams and Chapman) 

.|+o192 |3°7X10*/+5.2x10 §+3:91xI10 § 4.42x10 *4/-+3°6x10 © ~~ 

. . {+530 TSX 0051235 85a) Eee TOG Maseeeet -- — 

Graphite |—o'695 |4°5XI10%—1'5 ,, |—5'74x10 | 65x10 4 || =— cr 
. |—0°00088) 1°5x10°|—5"9xX10 “|—2°06_,, 2°39. —44x107 OMe 

.|+0°60118)6'2x107%+1'9 ,, °° |+1.56_,, TE ag — — 

a a Om I‘IX10°|—9'2x10 J—7'4x10 © | 840x10 I—7-22x10 © — 


The Hall effects above are those of Ettingshausen and 
Nernst 74), except that for tungsten, which is due to 


A.W. Smith 493), While R and H vary widely, # and # are of 
the same order of magnitude. : 
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Heaps 5), 1918, deduced the following equation for the 


Corbino current: HTTé r, 
Ga 

270m 

‘yy 


: - : e : 5 
in which the Corbino constant is # = —; while according to 
m 


teT ‘ y ’ 
Adams, EH = a a This latter is due to the assumption that 
Diet 


la al 


; : ‘ ‘ iG 
the average drift velocity of the electrons is | X—T7, and 
Sy witte 


(al bs 


not X - 


, where X is the electric force. 
m 


To test the following relation, 

E=—T==, 

m 0 

in which F is the Hall coefficient, and @ the specific resistance, 

Heaps devised a means by which he could determine the 

Corbino and Hall effects and the specific resistance in the 

same specimen of metal. The Corbino constant was found 

to be equal to the Hall coefficient divided by the specific 
resistance. 

The Corbino effect in copper and xine seemed independent 
of thefield. In fields from 5000 to 17,000 gauss, for copper, 
mean Hf = —2°73.>< 10%, mean Rh = — 4°25 >< 10-4; ‘for ‘zinc, 
mean # = -+ 11°77 10-8, mean A= + 6°66>10-4.. The 
following are the results for bismuth and graphite. 


Metal | H ao) | Rk 0 T secs. 7 
Bismuth 800 | — 10°9x<10®| — 1574 | r4*71<104| -6°16><107'?| 6:09><10'8 
2450} — 65 — 5070 “LEA 3°67 9°38 
6150| — 4°42 — 7°85 |17'°7 2°50 119 
9750] — 3°12 — 640 | 20°5 170 14°6 
} 11100} — 2°92 Poppi) Nepean 165 15'2 
| 12850 |, — 2°63 — 5°92 | 22.5 1°49 15'°8 
Graphite | 2600] — 6°15><10—*| —0'612 | 9°95><10+ 3°47< NOmin esa soro" 
| 4200| — 6:05 | — 0°662 | 10°95 3°42 1.42 
6550| — 5°52 — 0760 | 13°8 oute L238 
8400 | — 4°90 —o'8i1o | 16°5 hay) rest 
: 9900 | — 4°60 —o0'890 | 19°4 | 2°60 | 108 
THQOOIP— AaZ —0'946 | 21'8 2°44 0°99 
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In bismuth E, R, and T' decrease in higher fields, and @ 
and » increase; while in graphite HE, T, and m decrease in 
higher fields, and R and @ increase. 

Puccianti 423), 1918, by means of his specially devised 
double induction balance measured the Corbino effect in 
bismuth in weak fields. In fields from one hundred up to 
several hundred gauss, the Corbino effect increased a little 
more rapidly than the intensity of the field. At higher fields 
the effect increased less rapidly, and in fields above 1000 gauss, 
the effect decreased. 

Trabacchi (547), 1919, studied the relation between the 
Corbino and Hall effects in bismuth, and found that, at 
+'20° C. and — 70° C,, 7. = constant, in which ¢ is the 
conductivity of the metal, # the Corbino coefficient, and R 
the Hall coefficient. 

The variation of the Corbino effect with temperature in 
bismuth was measured by Collodi 75), 1920. In moderate 
fields the effect was found to decrease rapidly with rise in 
temperature. 

The effect fell to zero at the melting point of bismuth, 
and remained at zero in the molten metal. As the temper- 
ature fell below that of the room, the effect increased to 
twice that at room temperature. At — 80° C. the effect began 
to slowly decrease, and at —190°C. had reached one half 
the room-temperature value. 


4. A Quasi-Corbino Effect in Electrolytes 

Urbasch (557), 1900, observed that when one electrolyte 
was placed above another in a flat dish, between a flat and 
a pointed pole of an electromagnetic, the liquid rotated as 
shown by the presence of lycopodium powder. The rotation 
continued as long as the field was on and as long as the 
two liquids had a separating surface. The rotation changed 
direction on the reversal of the field. The direction of ro- 
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tation also depended on the nature of the electrolytes used. 
When dilute HCl over CuCl, was replaced by concentrated 
HCl, the rotation was reversed. For certain concentrations 
there was no rotation. 

This rotation of electrolytes in a magnetic field seems 
due to the wandering of the ions across the boundary between 
the electrolytes. The ions in motion generate a circular field, 
and this field acted on by the divergent field of the magnet 
produces a rotation in the electrolyte. 

The effect bears a strong resemblance to the Corbino 
effect in metals, p. 125. 

Urbasch also placed a tne plate, paraffined on one side, 
in copper sulphate solution, in a divergent magnetic field, and 
found that the disk rotated with a velocity of 5 to 10 cm. 
per sec. at the circumference. 

He also investigated the influence of the magnetic field on 
chemical reactions, such as the dissolving of metals in acids, 
deposition of metals from salt solutions on the introduction 
of other metals. In every case the rotation of the electrolyte 
was perfectly regular and changed direction with the field. 

_ Drude “5*), 1902, suggested that the rotation in the case 
of metals dissolving in acids was due to the deflection of the 
ions in a direction depending on their charges, and that the 
ions having the greater friction would carry the insulator 
with it. Drude, however, failed to observe any rotation in 
electrolytes. ‘Urbasch claimed this to be due to his not 
employing a sufficiently strong field. Urbasch 65), 1903, 
reported that Nernst had confirmed the rotation of electro- 
lytes in a magnetic field as observed by him. 


5. A Supposed Axial Hall Effect 
La Rosa and Sellerio ‘°), 1920, claimed to have observed 
a Hall effect in the direction of the lines of force of the 
magnetic field, and in a direction normal to the primary 
electric current through the metal. 
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Experiments were first made with a disk of bismuth 
1:32 cm. thick and 2:7 cm. in diameter. The primary elec- 
trodes were fastened to diametrically opposite points on the 
edges of the disk. The secondary electrodes were point ones, 
fastened at the opposite centres of the circular surfaces of 
the disk. The plane of the disk was normal to the lines of 
force of the electromagnet. A current of 10 amperes was 
sent through the disk, and when the magnetic field was on, 
a difference of potential was observed at the secondary elec- 
trodes. This effect was found to reverse when either the 
primary current or the magnetic field was reversed. There 
existed, however, a decided lack of symmetry in the effect 
on the reversal of the field. The same axial effect was 
observed in tellertum. 

Sellerio 47°, 1920, studied this axial effect in a rectangular 
plate of besmuth, with the electrodes placed in the usual Hall 
manner. The plate was so mounted that it could be rotated 
about the direction of the primary current as an axis. When 
the plane of the plate was normal to the lines of force, the 
usual Hall effect was observed. When, however, the plane 
made dny angle other than 90° with the lines of force, the 
effect observed was supposed to contain a component of the 
true Hall effect and one of the axial effect. 

Sellerio endeavored to explain mathematically that the 
Hall effect as usually measured consists of three components: 
1. The true transverse Hall effect... 2. The axial’effect. 3. The 
change in resistance. 

The question naturally arises whether the axial effect 
may not be due to the fact that the magnetic lines of force 
were not all parallel to the line joining the secondary elec- 
trodes of the thick disk or plate, when in the axial position 
between the poles of the’ electromagnet, and hence the so- 
called axial effect is simply a residual part of the true 
Hall effect. 

The asymmetry of the effect is probably simply that 
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observed in the Hall effect, and due to an asymmetrical 

change in resistance of the metal in the magnetic field. _ 
Before the existence of this axial effect can be accepted 

as a distinct phenomenon, further investigation seems necessary. 


6. The Hall and Kerr Effects 

The Kerr @85) (1877) effect consists in a rotation of the 
plane of polarization of light when reflected from a magnetized 
surface. The rotation takes place both when the light is 
planepolarized in the plane of incidence and when perpen- 
dicular to this plane. 

Shortly after the discovery of the Hall effect, Rowland 4°), 
1880, proposed a theory of the Hall effect based on the 
electromagnetic theory of light. In this theory he considered 
the Hall and Kerr effects as fundamentally the same. Following 
the general method used by Maxwell in his electromagnetic 
theory of light, Rowland developed the following equations 
which include the electromagnetic action discovered by Hall: 


A” =aayb?+c2+b a Vb?+e + c¢(bc'—b'e) + daa’, 
B’=ab ya?+ g2+b b’ Va? +e? + (ed —o¢ a) +-.dibb’, 
C’=acya?+b? +b c'Va?+b? + c (ab’—a'b) + dee’. 

In these equations, A”, B”’, O” are the new E. M. F.s 
set up along the three axes by the magnetic field; a, b, ¢ are 
the components of the force; a’, b’, ¢’ the components of the 
electric current. Hall’s discovery proved the existence of the 
constant c, and showed that a was very small or zero. The 
fact that the resistance of a metal is changed in a magnetic 
field confirms the existence of b and d. 

Rowland concluded his article in these words: “Thus the 
_new electromagnetic phenomenon [Hall effect] explains in the 
most perfect manner the magnetic rotation of the plane of 
polarization of light, and we are almost in the position to 
pronounce positively that the two phenomena are the same. 
Should this preliminary theory of the subject stand the test 
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of time, it hardly seems to me that we can regard it in any 
other light than a demonstration of Maxwell’s theory of light.” 

Rowland’s theory requires that all magnetic substances 
should have the same sign for the. Hall effect, and that they 
should rotate the plane of polarization in the same direction. 
However, the sign of the Hall effect in eon and cobalt is 
positive, while in mzchel the effect is negative. Hall 37), 1881, 
found that nzekel and cobalt rotated the plane of polarization 
in the same direction as zron, while magnetite has been found 
to rotate the plane in the opposite direction. 

Van Schaik 7°), 1882, in a note appended to his article 
on the electromagnetic rotation of the plane of polarization, 
agrees with Rowland that the Hall phenomenon and the 
magneto-optic rotation are due to the same cause. 

In 1884, Lorentz 3°) developed the following expression 
for the Hall current through a galvanometer connected with 
the secondary electrodes of a metal plate: 

hk 


i= 7 
_@ (> _ a 
a(R : 2 ry 4 7) 


where h is a factor depending on the magnetic field and the 


nature of the metal, /# is the primary electromotive force, 
R and r, the resistances respectively of the external circuit 


y 


5 ENO GE a 

and the galvanometer circuit, a and A 
a 

sistances of the plate opposed to the primary and secondary 


the respective re- 


currents, and d the thickness of the plate. 

According to Lorentz the absolute value of the Kerr 
effect can be deduced from the Hall effect by means of the 
following expression: 

h’ 08 


Paclogallcn 
Pin meee n6esmet a2 


where C, is the amplitude of the component in question of the 
reflected light, h’ the constant including the Hall coefficient, 
to be computed from the Hall equation (1) above; and cor- 


THE HALL AND KERR EFFECTS 141 


rected for what he terms the dielectric polarization capacity 
of the air, 7 the period of vibration, and o and « optical 
constants of the reflecting surface. 

Goldhammer 5), 1892, and Drude (48), 1892, each de- 
veloped sets of equations to represent the phenomena of 
magneto-optic reflection. Their equations include terms re- 
presenting the Hall effect. 

According to Sir J. J. Thomson G'§), 1893, the effect 
established by Hall for steady currents is of the same nature 
as that found by Kerr for rapidly alternating currents, which 
constitute light. 

“Here, however, the resemblance ends; the values of the 
coefficient C |= R] deduced by Hall from his experiments on 
steady currents do not apply to rapidly alternating light cur- 
rents. Thus Hall found that for steady currents the sign 
of C was positive for iron, negative for nickel; the magneto- 
optical properties of these bodies are, however, quite similar. 
Again Hall and Righi found that C for bismuth was enormously 
larger than that for iron or nickel. Righi, however, was 
unable to find any traces of magneto-optical effects in bis- 
muth. The optical’experiments previously described show 
that there is an electromotive intensity; they do not, however, 
show without further investigation on what function of the 
electromotive intensity the magnitude of the transverse in- 
tensity depends. Thus, for example, the complete current 
in the metal is the sum of the polarization and conduction 
currents. Thus, if the electromotive intensity is X, the total 
current «w is given by the equation 

Toe Levine? 
fai (=. ita) > 
or if the effects are periodic and proportional to e’?', 


“= (—-w+2)X, 
4 7 0 
where K’ is the specific inductive capacity of the metal and 


o its specific resistance. 
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We do not know from the experiments, without further 
discussion, whether the transverse electromotive intensity js 


Kip xX 
proportional to w, the total current, or only to wise the 


conduction current.” — : a 


“Hence of the three hypotheses, (1) that the transverse 
electromotive intensity concerned in these magnetic optical 
effects is proportional to the total current, (2) that it is pro- 
portional to the polarization current, (3) that it is proportional 
to the conduction current, we see that (1) and (3) are in- 
consistent with Kerr's experiments on the reflection from 
tangentially magnetized mirrors, while (2) is completely in 
accordance with them. 

“The transverse electromotive intensity indicated by 
hypothesis (2) is of a totally different character from that 
discovered by Hall. In Hall’s experiments the electromotive 
intensities, and therefore the currents through the metallic 
plates were constant; when, however, this is the case the 
‘polarization’ current vanishes. Thus in Hall’s experiments 
there could have been no electromotive intensity of the kind 
assumed in hypothesis (2); there is therefore no reason to — 
expect that the order of the metals with respect to Kerr’s 
effect should be the same as that with respect to Hall’s.” 


Starting with Maxwell’s equations for the electromagnetic 
theory of light, Wind 9), 1894, developed a mathematical 
theory to account for the connection between the Hall effect, 
the Kerr effect, and the Faraday effect. 


Hopkinson (7°), Lorentz 35), and others had assumed that 
the Hall effect could be represented by the relation, 


4 


I 
P= 0— {HO}, 


in which #’ is the electric force, C the current, H the magnetic 
force, p a complex constant depending on the medium and 
the period 7’, and q a real constant dependent upon the 
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properties of the medium. Wind (1. c.) suggested that, in 
order to explain completely the magneto-optical phenomena, 
q must be a complex constant. 

For the phase differences of the magneto-optical pheno- 
mena, he found for the polar case: 


mi m= 76 = 4t— 0, —0,—0,—42+8; 

and for the equatorial case: 
My = M; = 37 —w—O, —0,—0,—42+S8. 
In the above equations S is called the argument of the - 
Hall effect, and is assumed to be complex. The Hall constant 
is ge*S or qN. The total current C is supposed to be com- 
posed of two parts, one a conductive current C,, and the 
other a displacement current (,. Each is suppased to give 
rise to a Hall effect, respectively h and k, given by the ~ 
following equations: 


i 7 cos S+ yr re sin S, 
: LP ae 
k= * cos Sow Ge sin S. 


According to Lorentz (l. c.) 2 and & are equal. This 
equality follows, if S is assumed to be zero. According to 
Drude ‘48) and Thomson (8) # is zero, that is, the conductive 
current in optical phenomena produces no Hall effect. 

Leathem (3?2), 1897, developed equations for the magneto- 
optic phenomena somewhat similar to those of Drude and 
others. His equations (10 and 11) contain Hall effect terms 
for conduction and displacement currents. If C is the Hall 
_ coefficient, then the equations are of the type: 

P=P'+C(p'w—y'v), 
where P, Q, R are the components of the electromotive force, 
‘of the magnetic force, and w, v, w of the total current. If 
b,, 6, 6, become zero, then 


: ihe ae 


T44 GALVANOMAGNETIC PHENOMENA 


If the value of C for iron and the values of R, a, A for 
sodium light are substituted in the above equation, g, will 
have much too small a-value to account for the Kerr effect. 

However, Leathem saw no reason why the Hall effect 
for rapidly alternating currents, such as those of light, should 
not be very large compared with that for steady currents. 
“There is nothing unnatural in this, for the incipient con- 
ductions which make optical opacity have no relation of 
continuity whatever with the steady conduction in an ordinary 
current; thus Maxwell found that the ordinary coefficients of 
‘conductivity’ are very much smaller in the optical circum- 
stances. And it may be noticed that, as O is proportional 
to the electromotive force divided by the current, a greatly 
_ diminished conductivity will correspond to a greatly increased 
value of C.” 

Larmor 699), rg00, deduced for the magneto-optic phe- 
nomena equations for the components of the total current 
16:0, Wot the, types 


we es OEE oak ne Q 
te (440 0°) (i Ti 8 ape +a aa) a, U+a, Rk, 


in which .P, Y, R, are components of the electric force, and 
Gj, 05, 10ee OL the, Hall effect 


7. The Hall and Faraday Effects 

About 1845 Faraday ‘94) discovered that isotropic sub- 
stances of high refractive index, when placed in a magnetic 
field, rotate the plane of polarization of plane polarized light. 
The amount of rotation, @, is proportional to the field 
strength, H, to the length of the path traversed, J, and is - 
given by the relation: 

O.=— 7H, 

where 7 is known as Verdet’s constant. 

Elie (3), 1882, suggested that the Hall rotation of equi- 
potential lines and the Faraday rotation of the plane of 
polarization by a magnetic field were similar phenomena, and 
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may be compared with the rotation of a gyroscope. The 
rotation in each case is the resultant of two forces. The Hall 
constant may be said to be proportional to the moment of 
inertia of the material molecule. 

Kundt S°), 1884, 1886, found that thin transparent sheets 
of tron, cobalt and nickel, when placed normal to a magnetic 
field, rotated very strongly the plane of polarization of light, 
and this rotation was proportional to the magnetization and 
not to the strength of the magnetic field. 

Du Bois 7), 1887, observed similar results in cobalt and 
nickel. He pointed out the fact that Maxwell’s equations for 
the electromagnetic theory of light and Rowland’s “3) equa- 
tions based on the relation between magneto-optic phenomena 
and the Hall effect were in accord with the Faraday-Verdet 
experimental law. 

Sir J. J. Thomson 8), 18093, in discussing the work of 
Kundt, said: ‘‘The effect of a magnetic field in producing 
rotation of the plane of polarization thus seems to afford 
strong evidence of the existence of a transverse electromotive 
intensity in a conductor. placed in a magnetic field, this 
intensity being quite distinct from that discovered by Hall, 
inasmuch as the former is proportional to the rate of variation 
of the electromotive intensity, whereas the Hall effect is 
proportional to the electromotive intensity itself.” 

Using the magnitude of this transverse intensity, for the 
conditions under which Kundt worked, Thomson found that 
the ratio of the magnitude of the transverse intensity to that 
producing the current to be for iron 

lGaano sp. 

The factor p is so small that the transverse force will 
be insensible unless the electromotive intensity is changing 
with a rapidity comparable with that occurring in ordinary 
light. Hence this transverse electromotive intensity produces 
a measurable effect only in optical phenomena. 


An equation giving the relation between the Hall and 
10 


v 
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Faraday effects was developed by Wind (99 6°), 1894—1808- 


Verdet’s constant, 7, is given by the equation, 
3 
== - . T 5400, 
where » is the index of refraction of the medium, 4 the 
wavelength and wv the velocity of light, and q is the Hall 
constant per unit magnetic force. 

For carbon disulphide, in which 7, n, A, v are known, the 
Hall effect is, g = 1°92 1074, which is of the same order 
of magnitude as the Hall effect in some metals. 

Drude ‘48 153), 1892, 1900, developed equations for the 
rotation of the plane of polarization of transmitted light in a 
magnetic field. Those equations were based on the conception. 
of movable ions and contained Hall effect terms. 


CHAPTER IX 
DHE ETTINGSHAUSEN ERPPECT: TRANSVERSE 
GALVANOMAGNETIC TEMPERATURE DIFFERENCE 


1. Historical and General 

The similarity which Boltzmann “°, 1886, found between 
the properties of gases and of bismuth in a magnetic field, 
led him to the supposition that the shifting of the cathode 
rays in a Geissler tube in a magnetic field should find its. 
analogue in the displacement of heat in a bismuth plate 
through which an electric current was flowing. 

Ettingshausen (9), 1887, found by actual experiment that 
a plate of bismuth carrying an electric current, when placed 
in a magnetic field at right angles to the lines of force, 
suffered an unequal change in temperature at its lateral edges. 
He used a plate of bismuth 3:1 cm. long, 2°4 cm. wide, and 
about 004 cm. thick. To the ends of the plate were soldered: 
heavy copper wires, C, C, Fig. 77. At the middle of the 
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lateral edges were soldered two thermo-couples, ¢, ¢, for 
detecting changes in temperature. When the electric current 
flowed through the plate and the magnetic field was on as in- 
dicated in the figure, the edge A became cooler, and B warmer. 
This change in temperature. was reversed both on the 
reversal of the primary current and of the magnetic field. 
The transverse change in temperature per unit width, 


re ll 


, Was found to be proportional to the magnetic field H, 


the current density ¢ of the primary electric current I, and 
the width of the plate &. 


cooler 
Bismuth 


~ 
‘~~. warmer 


ae 


cooler 


M4 


Hence Al = Pi. But 7= - 


b 


diheretore:. AT = nee , in which P is the Ettingshausen 


bd 


coefficient, and d the thickness of the plate. 


Sign of the Ettingshausen Effect 

The effect in bismuth is said to be positive, according 
to this convention: If in going from the point of entrance of 
the current J, Fig. 7, to the warmer point B, the passage 
IB is in the direction of the Amperian current of the field H, 
the effect is termed posztive. If the passage to the warmer 
point A, Fig. 78, is opposed to the Amperian current, the 
effect is said to be negative. This is the case in iron. Ettings- 


hausen in his first investigations determined the effect in 
10* 
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bismuth, tellurium, antimony, tron, nickel and cobalt. The 
effect was found to be positive in all these metals, except 
in iron. 
Boltzmann 7), 1887, deduced the following expression for 
the Ettingshausen difference of temperature: 
aH 
Poe 
in which a is a constant depending on the metal, and A the 
thermal conductivity. 
Comparing this equation. with 
AT= PELL 
d 
and according to this, the Ettingshausen effect 


we have P= ora 
K 
varies inversely with the thermal conductivity of the metal. 
In 1887, Ettingshausen and Nernst 73) determined the 
Ettingshausen change in temperature in bismuth and bismuth- 


tin alloys, with the following results: 


Plate Bismuth Tin | Thickness A vf rel 
Bi 100% 0 % | 07093 cm.; 9360 OS OMEN DSi enavetia Ge 
Ts 99°05 0°95 0088 9310 | 0°655 12746" 
j} lL, - 98°54 1°46 O'IIS 9390 0°622 o'961° 
Tee een OBE SO 614 O'1IO 9330 | 0°659 0'442° 
ly, “| 86°90 13s1 0'080 9350 | 0°685 0°073° | 


Thus it is seen that the Ettingshausen effect decreases 
rapidly as the tin content increases. 

Van Everdingen (*), 1898, found that the Ettingshausen 
difference of temperature set up by the magnetic field in 
bismuth increased rapidly at first, then more slowly, and 
reached its maximum value in about one minute. 


2. Correction of the Ettingshausen Effect for Thermal Conductivity 

Zahn (9), 1904, pointed out that the Ettingshausen coeffi- 
cient, P, must be corrected for the thermal conductivity of 
the surrounding material, in accordance with the following 
expression: , 
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J PX 1 Uu—? A ft d 
a a ae 
in which b= Va wu—=(h+ 2kb) el”, 
and vy = (h—2kb) e—P, 


where h is the heat constant given to the surroundings, and 
i; the thermal conductivity of the plate. Applying this cor- 
rection Zahn obtained the following results for two plates of 


antimony : 

j i ie ‘. 

| Plate ~ |Tempera-|") 2 | g aos Pe | Ee 

ture | uncorrected | corrected 
d 

| Antimony I. | 18°C. | 2°40 em. | o 0°0512 cm,| WieiO>cu Ome | 19'63><10_ 

| ia ee | 1°38 he "0507 | 18°68 19°40 


The corrected value is 9 to 10 per cent. larger than the 


uncorrected. 


3. Correction of the Ettingshausen Effect for the Peltier and 
Righi-Leduc Effects 


Gottstein @*), 1914, has shown that the Ettingshausen 
effect should be corrected for the Peltier effect, and for the 
Righi-Leduc effect set up in consequence of the Peltier heat. 

He deduced the following expression for the corrected 


i 2 SI 
coefficient P pi ee : 


where S is the Righi-Leduc coefficient, p. 235, JI the Peltier 
heat, and & the thermal conductivity of the metal. 


4. Variation of the Ettingshausen Effect with Temperature and Magnetic Field 

Zahn (9), in 1904, observed that the Ettingshausen effect 
in bismuth increased from 3°53><10—° to 6:27>x<10~%, when 
the magnetic field increased from 3930 to 10,570 gauss. In 
1911, Hall and Campbell 47) found that the effect in soft iron 
increased from 4°92><10—8 to 6'12><10~8, when the tempera- 
ture rose from 12°2° to 83°99 C. 
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According to Senepa “479, 1913, the effect in besmuth 
seemed to be independent of the field, Fig. 79, until H 


2 
AT10 reached a value of 1000 gauss, 


18 
and then the effect appeared 


to fall off gradually as the field 
further increased. 

There was a decided de- 
crease in the effect as the 
temperature rose from 17° to 
50°C, 

The following values for 


400 800 1200 1600 
ie Rise 70: 


the Ettingshausen effect in poor conductors were determined 
by Kénigsberger and Gottstein ?9, 1913. 


Temperature Ie - a 
Graphitesss os, TOC: —5'9><10 ° \ ag ae 
90° eu j 
Silicon ++ 5 % Fe 16° + 26x10? \ He ae 
go° == 0) ; J 
Molybdenite. . . 18° + 28x10? 
3 2°13 
90° +09 | 


In each substance above, the effect diminished with in- 


; Ain Do j 
crease in temperature. The ratio, Pp” of the effects at the 


Moy INE 
two temperatures, was nearly the same as the ratio, —, of 


the electron numbers in a unit volume at these temperatures. 
Thus there would seem to be some intimate connection 
between the Ettingshausen effect and the electronic pressure 
in the material. 

The Ettingshausen effect in telluruwn was found by 
Wold (4), 1916, to increase with the temperature, up to 
100° C, Beyond this temperature, the increase was less rapid, 
as seen below. 
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Ettingshausen Ejfect in Telluriwmn 


= : —_ _ 

Temperature | P Temperature | P | 
Ta4G | + 7°'19><107° FOr. | + 25°6><10-° 
2 ihe | 10°45 | 124° | 30'1 


The effect was independent of the field. 

Smith 493), 1916, studied the Ettingshausen effect in the 
alloys, Bi-Sn, Bi-Pb, Bi-Cd, and Bi-Sb, and noticed that the 
addition of small or large quantities of lead or tin to bismuth 
produced a rapid decrease in the effect, while small additions 
of antimony or cadmium caused an increase in the effect. 
Larger amounts of the latter metals produced a decrease in 
the effect. 

In the case of the lead, tin, and cadmium alloys the 
effect was not proportional to the field strength. 


5. Theories of the Ettingshausen Effect 
a. Riecke’s Theory 

Employing the same suppositions in regard to the motions 
of the positive and negative ions as in his theory for the Hall 
effect, p. 78, Riecke (3°), 1898, deduced the following expression 
for the difference of temperature set up by the magnetic field 
at the upper and lower edges of the plate: | 
Un (Vp + Un) Abi 
Vp Wn + Un Wp 0 


AT=k 


Hence the Ettingshausen coefficient is, 

k Vpn (Up + Un) 

OF UpWn+Un Wp’ 

in which & is the thermal conductivity and o the electrical. 
In 1906, Riecke “#°) developed a somewhat different ex- 


C= 


pression for the Ettingshausen coefficient, as follows: 
I wht, 

dlgn,n,\ ca? ot 
6(: ee wy F a 


in which v, and v, are the velocities, /, and /, the mean free 


i 
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paths, and », and », the numbers per unit volume respectively 


of the positive and negative ions. 


b. Drude’s Theory 
Drude (49), 1900, starting with the assumption that an 
electric current is carried by two kinds of free electrons, 
positive and negative, deduced the following expression for 
the Ettingshausen effect: 


P I (v, + >) 
— ‘pe(v,N,+4%,N,)- dN, , aN,’ 
aT he 


in which p is a universal constant, and the other letters have 
the same significance as in the Hall effect equation of Drude 
on p. 80. According to this dualistic theory, the Ettings- 
hausen effect depends on the velocities of the two kinds of 
electrical particles, and on their volume density, which changes 
with temperature. 
ce. Zahn's Theory 

Zahn 3), 1913, aS already stated under the Hall effect, 
p- 87, supposed both the vibratory and migratory velocity of 
the positive particle in the conductor to be zero, and on 
this supposition he developed the following expression for 


the Ettingshausen effect: 


Paes 3 
4aTN,(®, + @,)’ 
in which @,, ®,, 7, N,, have the same meaning as in the 


Hall effect equation, p. 87, and @ is a universal constant. In 
this case the effect P varies inversely as the temperature 7, 
and the electronic density. As already noted, Senepa, p. 150, 
found that P decreased in bismuth with rise in temperature; 
while Wold, p. 150, found that in telluriwm the effect in- 
creased with temperature. 


d. Livens’ Theory 
On the supposition that the electric current in a con- 
ductor is carried by the negative electrons alone, Livens (329), 
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1915, developed the following expression for the Ettings- 
hausen effect: 


dO e21,, J 


dx meR 


in which e, /,, m, ec, H and S have the same meaning as in 
the Hall effect, p. 87. EH, is the E.M.F. of the primary cur- 
rent, and F# is the usual absolute constant, in the equation 


M0 


2RO 
If the Hall E.M.F., #,, p.87, is substituted in the above 
expression, we shall have 
lO S—4 e 
da a (Say Be Ey 


This latter expression agrees with that of Bohr 75), 1911, 


who pointed out that this expression changes sign for different 
values of S. 

If S is < 4, the Ettingshausen and Hall effects have the 
same sign; while if S is >4, the signs of the two effects 
are opposite in character, as is the case in bismuth. This 
relative value of S seems to furnish some evidence as to the 
force exerted between electrons and molecules. 

On p.9o Hall has proposed a possible explanation of 
the .Ettingshausen effect and its change of sign. 


6. Relation Between the Ettingshausen and Hall Effects 

Ordinarily the Hall coefficient is computed from the 
equation Ed 
q bg? aT 
in which # is the total difference of potential observed at 
the Hall electrodes on the edges of the plate. The Ettings- 
hausen difference of temperature at the edges of the plate 
sets up a thermo-electromotive force which must be added 
to, or subtracted from, the observed H#. So that the Hall 
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E. M.F. = Ey;. + AT. 0, where AT is the Ettingshausen 
difference of temperature, and © is the thermoelectric power 
of the plate against the lead wires. If the lead wires are of 
the same metal as the plate, and are in the same physical 
state, the observed H needs no corréction in computing the 
Hall effect. Such leads as the above are hard to obtain. So 
it is better to correct the My. for the thermal E. M. F. 

If Hp is the true Hall E.M.F., then the Hall equation, 


Er <d 
FO Tce 
ye Saag! AT:-d-@ 
becomes Ii = ee ee Ta. ) 
Hig oe 
or Fis re oe P< O) 


where P is the Ettingshausen coefficient. 

Zahn (9), 1904, starting with Drude’s 49) equations for 
the Hall and Ettingshausen effects, obtained the following 
relation between the two effects: 

Pd ) 
pm OSxro* pc tae, 
in which the universal constant p= 1°656><10~4, ce=3>10!, 
and v, and vz, are the respective velocities of the negative and 


positive electrons. If v, with respect to v, is neglected, then 
R 


— = 2°5>x< 104, 


sm 
The following table contains results observed by Zahn. 


aoas 


R k 


| Metal Pp Metal Pp 

| Bismuth I. . Teal O- Nickell 4) 16°7><10* 
| i lege. Bae Peet i Ml ree seats Pail ae 
Pathe i al 25 lcon ce ee LOS 
| Antimony .. Jie Saeeee Copalty en. 130 3, 


From the above it is seen that the ratio obtained from 
observed values of & and P is of the same order of magnitude 
as the ratio obtained from theoretical considerations. 
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Kénigsberger and Gottstein 97), 1915, employing the equa- 
tions of Gans °°), showed that the following relation should hold 
between the Ettingshausen and the isothermal Hall coefficient: 

P=~"Rj=—29x10-5 ne | 

The table below shows that P calculated from this equa- 
tion does not agree with the observed values, either in 
magnitude or sign. 


Metal Peaie. Pots. 
TU eaten sae | -- 31>¢107° —s7><10, 8 
HERES hd coe. wre —1°3><10—* + 28x10 8 | 
| Antimony .... 4- 5°8><10—® --'1°3><107* | 


Starting with the equations of Gans 8), Zahn (5), 1915, 
developed the following relation between the Hall adiabatic 
and isothermal effects and the Ettingshausen effect: 

Ra — RB; = — (1°721 x 104 — 0) P, 
where o is the Thomson effect in ergs per electro-magnetic 
units. Since o is small compared with 1°721 = 104, we can 
write Ti, — Bees —— 1721 sao? PF. 
The following relation between R,, R;, and P was deduced 
by Heurlinger °59), 1915: 

R,— Rh; = — HH? P, ; 

in which #; is the longitudinal thermomagnetic difference of 


potential. 


7. Reiation Between the Ettingshausen and Righi-Leduc Effects 

If the compensation method of Barlow “4 is employed, the 
electric and heat currents may be so sent through the plate 
that the Ettingshausen and the Righi-Leduc (p. 235) temperature 
changes at the edges of the plate annul each other. Then 


we shall have es sop tt z PHI 
dl d 
: S : dt 
whence es — |= bday : 
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: et eet. 
Since the current density 7 = —, then 


bd’ 
S aly 
Pi eee 
i 
Barlow obtained the following values for =p 
Metal A ue D Temperature & 
al Ie 
Antimony . 9130 LOG 0°82 44°C. -++ 0°0817 
Bismuth . . 9030 Tas mOgo | 50° | -e08r 
= ape 9030 Lois Tes 42° | —o'085 
8. Ettingshausen Effects 
Substance Temperature Field IP Observer 
Aluminium. . | Room temp. = + 1:06><I10-° Unwin 
Antimony . . Totes Ind. H + 1'°94><107 § Zahn 
20° 9130 Se 2a Ome Barlow 
Bismuth .. . TS 2800 +57 >10 °| Ettingshausen 
and Nernst 
mS 4710 oly se » 
realy 10000 + 10 as Barlow 
3 [ie 18° 3930 + 3°53><10 ° Zahn 
. 6290 = asa OnEme 
‘3 8300 +583 ,, i. 
59 10570 +627 ,, 3 
ree Leoni Cas AXIO Pap Sho <p CS 
3 6290 +581 ,, "i 
. 8300 +620 ,, ‘3 
- 10670 +634 ,, Bs 
Bismuth .. . 44° 300 to 1200] + 3°31 ,, Senepa 
Bae 3000to 14000] + 7°34 _,, Smith, A.W. 
Room temp. 2730 /A\T-+0:03°C.| Everdingen 
er 4800 +o016°C. 3 
3 6100 + 0729° cc 
ISTOSSee eens = — Too small to Zahn 
; observe 
Cadmium .. | Room temp. — — 28710 ° Unwin 
(Carbontema ee 90° GC. 10270 +05 ><10 ° Zahn 
Cobalteh cals 24° 4400 +09 x<1078] s 
| Room temp. — +216 ,, Unwin 


i 
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Substance Temperature Field iP Observer 
Constantan . . — —- Too small to Zahn 
measure 
Coppers . . . | Room temp. — — 1'60><10~® Unwin 
= — Too small to Zahn 
measure 
German Silver — — c vs 
Graphite ... 7s 5460 — 59810 * Gottstein 
S Mote go°2° —546 ,, re 
Heusler Alloy — — =< (95 < TO Zahn and 
Schmidt 
Tridium — — Too small to Zahn 
measure 
ErOn day ay 18° 6290 AP SS um: a 
£22 ° 5000 —402 ,, Hall and 
Campbell 
83°9° y —612 ,, . 
Room temp. a — 426 ,, Unwin 
steel . . . 20° == —67 , Zahn 
Molybdenite . 181° 5460 + 2977><I0° Gottstein 
O13” * + 6'98><10~° 3 
Nickel © ; ¢). 18° 10620 +28 10° Zahn 
eb ss 6290 + 176><I0—‘* ss 
Room temp. — + 3:03><I0 * Unwin 
Palladium — — Too small to Zahn 
measure 
iPlatnunie 4... — — + » 
SIICON 2) Js LO 6150 + 2°65><I0~° Gottstein 
89°7° ms Ae R72 i 
60° = —AGie SOLOS Buckley 
Silveriy cr a — Too small to Zahn 
measure 
Room temp. _ — 1'65><10—* Unwin 
Tellurium 65° 5500 +14 ><I10 + Lloyd 
mp 9 T29 ” 
= = +20 4, Ettingshausen 
nee 1000 to15000} + 7°19><107—° Wold 
27° = +1045 5, » 
: 79° : +256 , : 
724° e + 361 ,, 5 
PAWIE.. Comes UA — — Too small to Zahn 
, measure 
Room temp. — = 2 072><10n Unwin 
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CHAPTER X 
GALVANOMAGNETIC LONGITUDINAL 


*POTENTIAL DIFFERENCE: CHANGE OF RESISTANCE 
IN A MAGNETIC FIELD 


1. General 

When a conductor, C, Fig. 80, that carries an electric 
current, J, is placed in a magnetic field, H, the difference in 
potential between points, D and H, along the current, is 
changed, or the electrical resistance altered. This change in 
resistance in some cases is an 
increase, while in others it is a 
decrease. 

That a magnetic field brought 
about a change in resistance in 


a conductor was first observed by 

Fig. 80. Sir Wm. Thomson 31), 1856, who 

found that the resistance of zron 

was increased when magnetized longitudinally. In 1857 he 

obtained a similar result for nickel. The resistance of each 
metal decreased in a transverse field. 

The above observations were confirmed by Beetz 9, 
1866; Adams and Tomlinson ©, 1875; Chwolson (9), 1877; 
Auerbach 2), 1878; de Lucchi 947), 1882; and by Tomlin- 
son 649), 1882. 

Adams 9, 1875, was the first to point out the fact that 
the change in resistance, Av, was proportional to the square 
of the field strength. 

Tomlinson (54°), 1882, proposed the following equation for 
the change of resistance in a magnetic field, H: 


co, 
peas a aH + bl, 
in which a and b are constants depending on the conductor 
and J the intensity of magnetization. 

Goldhammer (3), 1887, after many experimental deter- 
minations, came to the conclusion that the variation of re- 
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sistance with field strength for son-magnetic metals could be 


represented by the equation: 
PAN 
xg ar AH?, 
in which 4 is a constant depending on the metal. For ferro- 


magnetic metals he thought the equation should be: 

aoe =al?, 

-; 
in which @ is a constant, and J the magnetic moment. In 
general it has been found that the change of resistance in ° 
non-magnetic metals varies as the square of the field strength : 
while in ferromagnetic metals the change is proportional to: 
the square of the magnetization. 


2. Change of Resistance in Non- Magnetic Metals 
a. Bismuth in a Transverse Field 

The behavior of bismuth in a magnetic field is so ex- 
ceptional that it will be treated separately, 

In 1884, Righi 44%, Hurion @7°, and Leduc (*9), indepen- 
dently observed that bismuth increased in resistance in a 
transverse magnetic field. 

Ettingshausen 7°), 1887, found that the resistance of bis- 
muth, antimony, and telluriwm increased in such a field. 

Fae (193) 1887, Goldhammer 13), 1887, and Tomlinson (4), 
1888, observed that hrsmuth increased in resistance in a 
transverse field, and also in a longitudinal one. 

Van Aubel (2), 1888, measured the change in resistance 
in bismuth in a magnetic field at two temperatures, with the 


following result. 


” ” 


Bismuth | - Temperature | 100 ae 
SlowilyaGooleds ys « | On iG, | 2°09 
Bere a | 99°7° | O°415 


+ The increase in resistance accordingly falls off with rise 


in temperature. 
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Lenard and Howard (375), 1888, in measuring the change 
in resistance in bésmath in a magnetic field, used spirals of 
the metal formed by forcing the metal through a small 
aperture. The spirals were protected on each side by sheets 
of mica, and the ends of the non-inductively wound spiral 


were fastened to copper lead wires, Fig. 81. 


Fig. 81: 


When the plane of the spiral was perpendicular to the 
magnetic field, the following results were obtained: 


| 


J8L | 0 | 2000 | 6000 | 10000 | 12000 | 14000 | 16000 


r er | 1'049 | rey | 1420 | 527, | 1634. | 1°740 | 


When the plane of the spiral was parallel to the lines 
of force these results were obtained. 


g Hl yy | eaten ob| dbslz00t Syl temecaaaedll 


; ij | I 1°203 | 1°302 


= 


Lenard and Howard found that the following equation 
represented the relation between the resistance, 7, and the 
angle, ®, between the plane of the spiral and the lines. of 
force: r=a+thbsin? O—esin?2@-cos2Q, 
where a, b, and ¢ are constants. 

Carpini “), 1904, proposed for the above relation this 
equation: "=7+A(i+cos2Q), 
where 7) is the resistance of the spiral without the field, 
and A is a constant. 


b. Measurement of the Magnetic Field by Means of a Bismuth Spiral 
Hall @) in 1885 remarked: “It seems probable that a 

- thin slice of bismuth, properly prepared and mounted, will 

come to be a valuable instrument for measuring the intensity 
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of strong magnetic fields.” Leduc G*” 39), 1886, 1888, seems 
to have been the first to measure the strength of a magnetic 
field by noting the change in resistance in bismuth. He 
employed plates of bismuth and narrow glass tubes containing 
bismuth that had been poured in while molten. The bismuth 
spiral of Lenard and Howard, Fig. 81, is the form in which 
bismuth is generally used when the strength of a magnetic 
field is to be determined, by noting the change in resistance 
of the metal in the field. The spiral is usually accompanied 
by a chart containing a curve found by plotting observed 
changes in resistance of bismuth against known fields, and 
from this curve is found the strength of a field that produces 
an observed change in resistance. 

Henderson ‘5° called attention to the fact that the 
temperature of the bismuth spiral must be taken into account, 
since the resistance of bismuth varies with temperature. 

A somewhat analogous method of determining the strength 
of a magnetic field is the so-called “Hall method”. A metal, 
whose Hall effect coefficient R is accurately known, is placed 
in an unknown field, and the total difference of potential, H, 
measured. Then from the equation, 


RHI 

Hi = are 
HI may be computed. This method is reliable only if the 
metal used is non-magnetic and non-crystalline, for only in 


the case of such metals does # vary uniformly with H. 


e. Variation of Resistance of Bismuth with Field and Temperature 
The change in resistance in bismuth in a magnetic field 
up to gooo gauss, and at temperatures from 0° C. to 160° C,, 
was determined by Leduc “7, 1890. He found that the 
| change in resistance could be represented by the equation 


4 Y 


where x is related by the equation *?+(% —aH?=o0, in 
i 
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which a and fare constants. These constants, however, vary with 
temperature. The above equation did not hold for high fields. 
Leduc obtained the following values for a@ and (? at various 


temperatures. 
| | OEE | 44°7° | 100° | 130°8° TZEY 
«>< 108" | 221 | 143 | 55 | 33 | 22 
p>< 10° | 263 | 275 | 301 | 3 6 | a4ay fl 


At the above rate, a@ would vanish at 261°, and Leduc 
assumed that the influence of the magnetic field would dis- 
appear at the fusion point of bismuth. 

Carpini ©), 1904, arrived at the same expression as 
Leduc’s equation above, while Goldhammer (3), 1887, thought 


his equation, oe = «aI?, applied also to bismuth. 


The increase in resistance of b’smuth in a magnetic field 
was determined by Drude and Nernst “54), 1890, between 
temperatures 0° and 290° C., in fields up to 7000 gauss, 
with the following results. 


|_Temperatare | Low Ce | 100° | 2238 | 290° 


| AY | 219% | 80% | 0°96 % | 0°41 % 


| 


The increase in resistance falls off rapidly with rise 
in temperature, and seemingly would disappear at the 
melting point. 

Henderson (75°, 1894, determined the increase in resistance 
in bismuth from o° to 80°C., in fields up to 39,000 gauss. 
The following table gives the results obtained at 18°C. 


el 100 a vee 100 Ar | 

S s | 

| 5.830 2297 28,370 160°9 | 
6,830 20'0 30,090 170°4 | 
8,880 40°7 32,730 184'6 | 
12,500 63'0 35,800 207°0 
20,450 116°0 38,900 233°4 | 
26,820 150°8 | 
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The curves in Fig. 82 give the results of measurements 
made by Henderson for bismuth at several temperatures, and 
show that the resistance increases more rapidly at the lower 
temperature. 

Dewar and Fleming 45), 1890—7, obtained some re- 
markable results for the increase in the resistance of bismuth 


at very low temperatures. 


18;ohms : oe 50. a0 
The following table exhibits 
= ; Bi Me 
the change of resistance of 
electrolytic bismuth wire in i 
transverse fields at various 
temperatures. Theresistan- 
ces are in absolute units 10 Mod gone 
per 1 cm. cube. ee 
| H=o | H=2,450 | H=5,500 | H= 14,200 
Temperature 
To Te 1e | fe 
+ 190°C. LEO2OO Gee 123.500 132,000 187,000 
— 79° 78,300 105,000 158,000 284,000 
— 185° 41,000 186,000 419,000 1,740,000 
— 203° 34,300 283,500 — — 


The resistance not only increases with temperature in 
zero field, and with the magnetic field, but at the lower 
rapid. At 
—185°C. the resistance in a field of 14,200 gauss is more 


temperatures the increase with field is more 


than 42 times the resistance in zero field. 
Van Everdingen "*), 1898, proposed the following equa- 
tion for the increase in resistance in-a magnetic field: 
C, M? 
1+, {mu 


in which Q, and (, are constants, and MV the magnetic field 


ArTr= 


strength in kilogauss. This equation held fairly well for 
changes in the resistance of bismuth determined by himself, 
Henderson (5°), Ettingshausen and Nernst °73), and Dewar and 
Fleming (45), 

RL 
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Van Everdingen (78), 1897, observed that in a erystal of 
bismuth the increase in resistance was least when the magnetic 
field was parallel to the principal axis, and greatest when 
the field was perpendicular to the axis. The Hall effect in 
the crystal was found to vary in a similar manner. 

In 1900 Van Everdingen (83) 
determined the change in re- 
sistance of a pure bismuth plate 
in magnetic fields from o to 
6000 gauss, and at temperatures 
from 100° to —182°C. The. 
curves in Fig. 83 exhibit the 
variation of the resistivity, 7, 
with temperature in the several 
fields. The curves are strinking- 
ly similar to those determined 
by Van Everdingen, p. 49, for 
the variation of the Hall effect 
in bismuth with temperature. 


Du Bois and Wills ©), 1899, measured the resistance of 
a bismuth spvral in a field of 37,500 gauss, at temperatures 
from 0° to —180°C. The results below show a remarkable 


increase in resistance at very low temperatures. 


| Temperature OLEC | 0° | — 79° — 115° | — 180° 
| No Field | 
| Resistance I 4 6 10 230 | 


Lloyd 3), 1900, and Yamaguchi ©”), rtq00, also found 
that the resistance of bismuth in a magnetic field increased 
greatly at low temperatures, and that in weak fields at low 


; At : 
temperatures, the ratio mm —-— was fairly constant, as shown 
a 


in the table below, due to Yamaguchi. In the above ratio, 
m = Q-H, where Q is the Nernst coefficient, p. 212. 
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: m — aN 
H i” 
— 119°C. — 30°5° | + 10° + 62° 
1203 sy = 98 — 29 
2050 28 2 19 —6 
iene 27 35 32 + 67 
6120 24°5 35 31 B27 
8650 24 34 31 we 
i 


Patterson ‘°4), 1901, observed that the increase in re- 
sistance in thin bismuth films was much less than in bismuth 
wires or plates. The table below gives the results, and shows 
that the increase in resistance falls off rapidly as the thickness 
of the film is diminished. 


Metal Thickness H oe scot 
Bismuth ... 10x10 °cm, i ae \ 29'0 (mean) 
| ri 26,200 

ra he's 6 :, 1 27,300 \ eOPveS | 
| s ele 4 Pr 26,200 ie) 


Lownds (34°), rg02, measured the change in resistance in 
a erystalline plate of bismuth, so cut that. the principal axis 
was parallel to the length of the plate. The change in re- 
sistance was measured by determining the fall of potential 
along the plate when the field was on and when off, the 
current being so adjusted that it was the same in each case. 
If @) is the fall in potential in zero field, and e the fall in the 
field, 7) the resistance in zero field, and 7 the resistance in 
the field, then, since the current through the plate is constant, 


‘ é é 
pa a 


S RGN 4H 
r—To Ar e—6 
or = ——_- 
"9 "9 i) 
« The results, both when the current was parallel and per- 
pendicular to the axis, are given in the table below. 


Hence 
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Current || to Axis Current | to Axis 
Beicws. — 79° — 186° race. — 79° — 186° 
ee eS ee eae A? 

e Ge Wi ils lel he r = pags: HK oG 
2120 50% 22°5% 33°5 % 39% 9°6% 61% 
3120 9°2 or, 44°2 73 14°2 9°7 
3500 Ari 43°71 47°4 86 oe) 10°6 
4980 19°8 62°1 565 14°3 Biel II'4 


The increase in resistance is greater along the main axis 
than perpendicular to that axis, and in general is greater at 
lower temperatures. 

Jewett @78), 1903, determined the change in resistance of 
bismuth in fields up to 15,000 gauss, and at temperatures 
found that the 
resistance increased more rapidly at the lower temperatures. 


from,—-90°-to -P241° C.. HHe,.as others, 


Above 200° C. the change in resistance was very small. 
Jewett discovered that thin ftlms of bismuth, formed 
by cathode sputtering, exhibited no change in resistance in 
magnetic fields up to 27,000 gauss. This remarkable result 
was probably due to the non-crystalline structure of the film. 
Carpini “*), 1904, investigated the change in resistance 
of bismuth were in-a magnetic field, and found that the change 


in resistance was given by the following equation: 
(4 4°6318 + 5727°3) ONS 


1 
In a direct current field no lag was discovered, while 


P= 


in an alternating field a lag did exist, and ee was much 


smaller than in a corresponding direct field. 

Blake 7°), 1909, measured the change in resistance of 
bismuth spirals in magnetic fields from 600 to 36,600 gauss, 
and at temperatures from — 192° to +.183°C. He, as others, 
found this change in resistance to be a function of both 
temperature and field strength, and that the increase in re- 
sistance is greater at the lower temperatures. At —192°C. 
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the ratio of the resistance in the field to that out of field, 
Bs was in a field of 36,600 gauss about go. 

The change in resistance in bismuth in transverse magnetic 
fields at temperatures from 17° to —2o1°C. was measured 
by Beckman 3), 1912. In weaker fields the curves, showing 
the increase in resistance with field strength at constant 
temperature, are convex with respect to the H axis, while 
above 12,000 gauss the curves become ascending straight lines. 
For fields above 12,000 gauss, the following equation held true: 

=aH-+-b, 
where 7 is the resistance in the magnetic field, and 7) the 
resistance in zero field and at 0° C., and a and Jb constants. 

The table below gives the change in resistance in bismuth 
at low temperatures as determined by Onnes and Beckman 699), 
1912. The increase in resistance at very low temperatures 
is enormously greater than at ordinary temperature. 


Resistance of Bismuth in Magnetic Field at Low Temperatures. 


EL at 290° Abs. oh ot 20°3° Abs. obs 5) 15° Abs. 
fi ie li 
(e) 1'057 0°242 0'216 
| 2,760 I'140 AS = 
| 3,850 = as 8°185 
5,540 1'280 13°50 14°35 
7,370 1°388 22°50 23°00 
9,200 1°495 31°55 33°25 
11,850 1°646 46°55 47°90 
13,600 1°746 58°20 58°85 
15,670 1°868 70°75 72°25 
17,080 = 80°85 82°00 


The influence of gas pressure on the resistance of bis- 
muth wire in and out of a magnetic field was investigated 
by Brentano &), in 1915, with the result that in a field of 
9000 gauss and under pressures up to 600 atmospheres the 
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resistance increased steadily, and was greater under pressure 
in the field than out of it. 

The resistance of pastilles of compressed finely powdered 
bismuth was measured by Trabacchi 44), 1915. In a field of 
5400 gauss the increase was only 4%, while ordinary bismuth: 
under the same conditions increased 20°/,. Pastilles made from. 
the metal reduced chemically from bismuth salts exhibited prac- 
tically no increase in resistance in a field of 10,000 gauss. These: 
results must be due to the amorphous condition of the metal. 

Corbino and Trabacchi “3, 1915, placed a circular disk 
of bismuth, with two concentric circular electrodes, in a trans- 
verse magnetic field, and sent a radial current through the 
disk. Under the action of the field the lines of flow of the 
current became spirals, and there resulted an increase in the 
global resistance of the disk. The superposition of the in- 
ternal currents on the original current increased the energy 
consumed in the Joule heat effect, and in this way the in- 
crease in resistance was accounted for. 

Borelius and Lindh (5), 1917, measured the change in 
resistance in a bismuth crystal in a magnetic field, when the 
field was perpendicular and parallel to the crystal axis. They 
found that the change varied very much with the direction of 
the field with respect to the crystal axis, and with the direction 
of the electric current in the crystal. The results agree in 
general with those of Everdingen, p. 164. 

La Rosa (+58), 1919, measured the change in resistance in 
bismuth in the magnetic field, with the results as given below. 


Resistance of Bismuth in a Magnetic Field 


H Av H NS 
ihe , 

2100 0'030 5900 O'172 

3150 o'061 6600 H 0'207 

3700 0082 7600 0'253 

4500 O'1I4 9100 0°322 

5100 0°136 10100 0°387 
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Ny 
Beyond a field of 3000 gauss, = becomes practically 


linear with respect to the field. 

The magneto-resistance of thin cold cathode - sputtered 
films of bismuth was measured by Becker and Curtiss (2), 
1920. At first the films showed no change in resistance even 
in fields up to 15,000 gauss. After the film had been heated 
to a maximum of 256° C. and cooled several times the 
following change in resistance occurred: 


H 2 106 iy os 100 
1740 0°25 7550 44 
3400 o'88 8150 5°02 
5000 1°88 9500 6°90 
6900 3°64 


Ar 
The value of =" in a given field increased rapidly with 


temperature up to a maximum temperature to which the film 
could be heated before melting. Photomicrographs,. taken 
before and after heating, showed that a crystalline structure 
had been produced by the heating and cooling. 

Richtmyer and Curtiss “35, 1920, made a further study 
of the magneto-resistance of sputtered bismuth films. Their 
work confirmed that of Becker and Curtiss. 

Films that were allowed to become heated in the process 
of sputtering exhibited a change in resistance; while films 
deposited by intermittent sputtering, and not allowed to be- 
come heated, showed practically no change in resistance in 
fields up to 16,000 gauss. 

The foregoing investigations, with those of Jewett (p. 166 
and others, point to a profound connection between the 
crystalline structure of the metal and the magnitude of the 
‘several effects herein treated. The orderly arrangement of 
the atoms and molecules probably plays a more important 
part in the phenomena than the motion of the free electrons 
under the influence of the magnetic field. 
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d. Bismuth in a Longitudinal Field 
As already noted, p. 159, Fae, Goldhammer, and Tom- 
linson ebserved that bismuth increased in resistance in a 


Ari’ longitudinal field. 

‘ Barlow “4, 1903, measured 
4 the resistance of bismuth in both 
3 - longitudinal and transverse fields. 
2 Curve I, Fig. 84, represents the 
1 change in resistance in a longi- 
0 10007 3000 ar tudinal field, while Curve II gives 


Fig! 84 the change in a transverse field. 
The rate of change and the 


magnitude are nearly the same in each field. 


e. Other Non- Magnetic Metals in a Magnetic Field 
In 1887, Fae “9%) discovered that antemony increased in 
resistance in both transverse and longitudinal fields. 
Goldhammer (13), 1887, found that antimony and also 
tellurium increased in resistance in both types of field. 
The measurements by Lenard 6*4), 1890, of the change in 
resistance of antimony and telluriwm in a transverse field for 
direct and alternating currents are given in the table below. 


Antimony Tellurium 
| Hl Resistance | Resistance H Resistance Resistance 
D.C, ALEC. DUC: UNE COS 
| pa Sa 8) | 
O 1'000 O'99I5 fe) 1'000 0°9926 
| 6620 | Tor2"** | yoo2 “I rr480 | 10016 | 0°9983 


Patterson “4°, rg01—2, measured the change in re- 
sistance in a number of non-magnetic metals in both trans- 
verse and longitudinal fields. In all metals examined the 
resistance increased in both types of fields, as shown by the 


tables below. In all cases - varied as the square of the 


field strength. 
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Magneto- Resistance in Transverse Field 


Metal H LN 


Yr 


Meal | H | A 
| | o 
Gira Seay 9... 3 | 27,650 TOOSS1O— Pt 
lg ene Aarne hee 24,900 | 3°18 Sn 
OCs eee ae 28,600 |20°86 Ag 
sh MoS Cari 28,600 | 5°08 (eu 
AN Sees | 28,600 ; 2°93. ,, 


BN 25,000 | 276) ,; 


nies SMa ore 28,600 | 0°'44><10~4 
eas et: 28,600 | 1°84 _,, 


AAR BAMOO. | 2°73 Ws 


Magneto-Resistance in Longitudinal Field 


Metal H Th Metal - Ag 
Li iB Tr 
Saeko ernst ig ; 22,700 o'98<10—*| 1S: ene 22.700) 3500 >< Ome: 
FR aoe | 20,300 | 0°79 _,, tye ese 2 | 20,300 | 2°46 _,, 
Py Sab hs <a, N22 FOG. Uk G64 | TCU bbs aes | 23.500 | 1°80 
Behe ee 20,300 | 0°74 NS oem ste 20.800 | 1°54 
| German Silver | 26,600 | No change | 


The resistance of antimony in a transverse field was 


found by Barlow ‘+#), 1903, to increase more rapidly at higher 


fields, as shown in Fig. 85. Ari 


The change in resistance in 
antimony in a transverse field was 
also determined by Zahn 9), 1904, 
with the following results. 


Metal | H | oh) (| 

a | 

| | 
Siu anise | 6,290 | -+0°0095 
arate re 10,500 | + 0'0215 


The curves in Fig. 86 exhibit 


nig 

Sb 

2 

1 

) 
0 wins eee Sones OATLEE 
4600 8000 12000 

Fig. 85. 


the variation of the re- 


sistance of a number of non-magnetic metals in a transverse 
field, as determined by Grunmach and Weidert 3, 1906, 


The ordinates of the curves are in 


NT 
tennis Of 
a 


: In each case the resistance increases at first slowly, then 
more rapidly, and finally the change becomes linear. 


~ 


0,00006 Palladium No. 2 
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If the above metals, paramagnetic and diamagnetic, are 
arranged according to the magnitude of the increase in re- 


Cadmium No. 1 


Silver No. 1 


20000Gauss. 


0,000 10 Copper No. 1 

tet 
Tin No. 1 Tone 
0,00006: 
0,000 0% 
000 02 0,000 02 

ro) - o 
7) 10000 20000 Gauss o _ 10000 20000Gaus Ss. 


Gold No, 2 


Zinc No. 4 aoceos 


20 000 Gauss 


0.0000 Platinum No. 2 


o 10000 20000 Gar 


Lead No 1, 0,000 0% Tantalum No. 1 
©,00002 RCooos 
? to) 
2. 10000 20000 Gauss: 
Fig. 86. 


sistance in a transverse field, the following decreasing series 
will be obtained: Bi, Cd, Zn, Ag, Au, Cu, Sn, Pd, Pb, Pt, Ta. 
Dagostino (49°), 1908, also found that the following metals 
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increased in resistance in a transverse magnetic field: Pt, Ag, 
Bi, Cd, Au, Zn, Mg, Pd, invar, and manganin. 

The resistance of selentwm in a transverse magnetic field 
was found by Amaduzzi “5, 1909, to increase. He pointed 
out that metals, arranged according to the magnitude of the 
change of resistance in a magnetic field, will have the same 
order as when arranged according to the magnitude of their 
Hall effects. Such a series is: Bi, Mi, Fe, Mg, Zn, Au, Pt. 
But Cd and Pd are apparent exceptions. 

The change in resistance of xine, cadmium and graphite was 
measured by Laws %"), 1910, in a transverse field at several 
temperatures. In all three cases Av varied as H?. The table 


below gives the values of A from the equation, at War Fe 


| Cadmium 08° C. 55° Tee lees ISAS: 
| AS TOL 0°99 1°60 2°65 51 

ae Zine aa olay Toss — 186° 

| A> 10” i — 0°54 0°87 180 

| Graphite | — | ~- 15s 5 is — 186° 

| ASAT Gt? — — 782 225 


The next table gives the determination of A for several 
metals made by Heaps (48), 1912, in both transverse and. 
longitudinal fields. 


Metal Transverse H Longitudinal 
CON Seen soy el te 3 Be TOS{OR< 10m Diepgp Om 
Cee ine tee seo an PRI A ML iy 
TS Takin a Seer d epi meen ate 308s, Okteie at Se 
PAG boats EEE Gece uate 60% Opete, ay. OB 2a ae: 


Heaps also measured the resistance, in a transverse field, 
of pyrite, galena, magnetite, and molybdenite, with the fol- 
lowing results. 
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Substance H a 

————— | 

(Galena c= eta 10,000 +'5><10 *® to + 45><10 * | 

Byrite ine. oat a ZuI2<10m- 

Molybdenite . . . . Lee Rane pec Say een | 
Magnetite .... Be | Varied along different axes 


Pat AS 
The following values of A, from equation — = AH”, for 


cadmium and xine, determined by several observers, show a 


remarkable agreement. 


| | Grunmach 
Metal | Heaps | Laws | Patterson | Rap eon rae | 
Cadmium | 28'°8><107'" | 26°5><10_*9 | 28°2><10_—"% | PySoy 
| 110 | 


Zinc ined ke E26 x 87 ” 87 ” 


The magneto-resistance of Ceylon graphite was measured 
by Roberts ‘454, 1912, in a transverse field, at temperatures 
from <“a7gCCrto sbinzg2 Co Ate 13 Cu anwoneldivot 
20,000 gauss the resistance was from 300°/, to 500°/, of that in 
zero field. At liquid air temperature, in a field of 38,800 gauss 
the increase was 9300°%/,. At 18°C., in the same field, the 
increase was 1250°/ . 

Onnes and Beckman (3°), 1912, measured the magneto- 
‘resistance of solid mercury, in a field of 10,000 gauss, with 


: UNG @ G3 
this result: — = 1°5 x 1073 at 20°39 Abs., and —- = 6x 1073 
r 7: 


at 14°5° Abs. 

Onnes and Beckman 95), 1912, determined the change 
in resistance of gold, copper, and palladium at very low 
temperatures, in a transverse magnetic field. The following 

; w’ a 
table gives the results in terms of —-, where w’ is the re- 
Wy , 
sistance in the field, at the given temperature, and w, the 


resistance at 0° C. in zero field. 
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A | baal ee Nis | Gold | Copper | Palladium | 
— : ng ee Ae els a 
| 10,000 | 20°3° Abs. | I'O17 ltd 10015 | 
ae es ana Ragan “aah 


DLO 


The above changes in resistance are much larger than 
those found at ordinary temperatures. 

Onnes 9), 1914, observed that pure tn and lead in the 
superconducting state at very low temperatures, when placed 
in a magnetic field, resumed a considerable resistance, whereas 
outside of the field, at these extremely low temperatures, 
their resistance was practically zero. At Jiquid helium tempera- 
tures, 2° Abs. and 4:25° Abs., Arg 


tin exhibited a sudden in- 3 

crease im) resistance at<:a = 
threshold value of about 94 nec nN 
200 gauss, while lead at the Sn 


same temperatures showed 


—_ 


a sudden increase in re- 


sistance between 500 and 4 H 
5000 10000 


7oo gauss. The curves in ee 
Fig. 87. 


Fig. 87, show this sudden 
rise in resistance at 2° Abs., followed by a gradual increase 
with rise in field. 

The magnetic field has the same effect on the metals 
as heating them. Onnes remarked: “One would be inclined 
to assume that an energy of rotation determined by the 
magnetic field might be simply added to the energy of the 
irregular molecular motion. If, in the production of the 
obstructions which determine the resistance we have to do 
with dissociations in the sense that movements of electrons 
in certain paths become unstable at a definite temperature, 
the magnetic centrifugal force might make their motions one- 
sidedly unstable at another temperature.” “In fact, if it were 
onée proved—to use an image already introduced into my 
paper for the Congress in Chicago %°3)—that the vibrators 
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which cause the resistance can only be set in motion when 
the stream of electrons passes them with sufficient rapidity, 
then it would not be surprising that the magnetic resistance 
does not arise until the rapidity of the circulating motions 
of the electrons is great enough to carry the atoms with it 
and set them in rotation, by which they can then disturb the 
regular motion of the electrons.’ 

Silsbee “*), 1916, in discussing the results of Onnes on 
superconductivity, stated that, since a metal in the super- 
conducting state resumes its normal resistance when carrying 
a critical current, and also regains its normal resistance in 
a critical magnetic field, the threshold current density is that 
' at which the critical magnetic field is equal to the field due 
to the current-itself. That is, that-in each case the return 
of the normal resistance is due to the action of a magnetic 
field on the electrons without and within the atom, and is 
not due to heating effects and other internal causes. 

Onnes and Hof %9%), 1914, determined the change in re- 
sistance in lead, ten, cadmium, and graphite, at about 20° Abs., 
and in platinum. and graphite at 4:25° Abs., in fields up to 
12,000 gauss. In the case of lead and tin the increase in 
resistance was practically the same in both transverse and 
longitudinal fields, while for cadmium and platinum the 
transverse field gave the larger increase. The increase in 
resistance in all cases was greater than at ordinary tempera- 
tures, and the rate of increase diminished in higher fields. 

The change in resistance in the magnetic field in antimony 
plates split along the basic cleavage was determined by De 
Haas (37), 1914, both when the crystallographic axis was per- 
pendicular and when parallel to the lines of magnetic force. 

The table below gives the results of the measurements. 

The change in resistance in a magnetic field in Ceylon, 
Mexican, and American graphite was studied by Washburn ‘7, 
1915. The electric current was caused to flow parallel to the 
principal axis of the crystal. The angle, ®, between this 
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Resistance of Antimony: Axis Perpendicular to Magnetic Field 


Pier | ies" C, 
Rs Bie ool =" H ty 
‘ | Po (a 
| 7 

21,400 | ‘IOI 6,600 1°239 
| 23,200 | virgo 12,400 1'620 
28,300 | 1154 19,800 2°210 
29,980 | 1167 30,900 | 3°306 
| 43,300 5°195 


Resistance. of Antimony: Axis Parallel to Magnetic Field 


Roc. Ge. i — 188° C. 
H r | H r 

| Rote M4 Vo 
21,400 1°039 | 6,700 I'121 
| fl 

23,200 | 1°047 | 12,200 Repo 

28,300 | Tort | 19,800 1°630 
20,9080 >= | 1'079 30,100 2°200 
| 

32,000 | I'OOI \ 43,300 3060 


axis and the magnetic lines of force was varied from 0° to 
90°. It was found that the change in resistance could be 


represented by the equation, 


OF mas cos @. 


In a field of 30,000 gauss the increase in resistance was about 
e aes 

80%, when @® was zero. The value of —— was between 
7 


6 and 7 times greater when ® was 0° than when @ was 90°. 

Kénigsberger and Gottstein 97), 1915, in their work on 
the change of resistance in variable conductors and metals, 
give the following results for the change of resistance in 


as 


transverse fields. The results are in terms of 4 = Ee 


Silver | Copper | Graphite | Zinc | Palladium | Silicon 
i : * 


+2°6x 10184-26108 +6°5xX107° L+8:7x Omen |b Ome 26k lOmin 


12 
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The variation of the -resistance of tellurzwm, at temper- 
atures from 0° to 400° C., in transverse magnetic fields up to 
15,000 gauss, was determined by Wold ©), 1916. The in- 
crease in resistance was found to be closely proportional to 
the square of the field strength. The increase in resistance, 
in a constant field of 7,580 gauss, at different temperatures, is 
given by the curve in Fig. 88. The increase in resistance falls. 
off with rise in temperature, and approaches zero above 400° C. 

Tellurium, according to Konigsberger and Schilling @9°), 
is a conductor of the second class, in which the number of 


ATi free electrons increases with 

Ue 
8 temperature, and hence out- 
: side the magnetic field, the 

e 
4 resistance decreases with rise 
in temperature. After a cer- 
0 : tain temperature is reached, 
100 200 300 400C F 
; the increase in free electrons 
Fig. 88. 


ceases, and then the resist- 
ance should increase with further rise in temperature. Tellurium 
up to the highest temperature employed showed no evidence 
of such an increase in resistance. 

In conductors of the first class, such as the ordinary 
conducting metals, the number of free electrons is supposed 
by K6nigsberger and Schilling to be constant, and the in- 
crease in resistance with rise in temperature is due to a greater 
collision activity of the electrons. In conductors of the second 
class, such as telluriwm, silicon, carbon, the increase in col- 
lision activity with rise in temperature occurs also, but is 
more than offset by the increase in the free electrons that 
carry the current. When the temperature is reached at which 
no more electrons are set free, the increased collision activity 
produces an increase in resistance. Kénigsberger and Schilling 
found that the resistance of tétaniwm, pyrite, and magnetite 
decreased with rise in temperature, reached a minimum, and 
then increased with further rise in temperature. 


LONGITUDINAL POTENTIAL DIFFE VLN CH 179 


Further study of the conductors of the second class would 
seem desirable. 

The change of resistance in graphite and cadmium was 
determined by Heaps °5, r917, both in transverse and longi- 
tudinal magnetic fields, up to 8000 gauss, at about 26°C. 
Graphite, in the form of rods made from compressed powders 
of different fineness, and in the form of natural laminated 
crystals, was examined. The increase in resistance was greater 
for the coarser powder, and very much greater in the crystal 
specimens. I[n all of the graphite studied and in the case of 
cadmium, the increase in resistance in the transverse field 
was greater than that in the longitudinal. These results are 
in accord with the theory of Heaps, p. 205. 

Beckman %5), 1917, determined the change in resistance 
in several specimens of fellwriwm in a transverse magnetic 
field at.27°.C., and found that A\7 varied as H?.' The table 
below gives the values of A =o! 


Resistance of Tellurium in a Transverse Field 


| Tellurium A | Tellurium A | 

ah 7] = = 5 

No. 7a. SIO Sae ree | No. 9 AMS Suey 

| 8a 3°59 | II 6°52 

8c 4:18 12 6°88 | 

Pe se 401 ‘ees 838 | 
Summary. 


In general, the magneto-resistance of non-magnetic metals, 
in both transverse and longitudinal fields, is an znerease. The 
rate of increase is greater in higher fields and at lower 
temperatures. The change in resistance is proportional to the 
square of the field strength, and depends in magnitude upon 

- the direction with respect to the crystailographic axis. 


3. Change of Resistance in Ferromagnetic Metals 
' As already: stated, p. 158, Sir Wm. Thomson found that 
_ the electrical resistance of ¢ron and nickel was increased when 


ra* 
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magnetizcd longitudinally, and decreased when magnetized 
transversely. Beetz (9), 18606, observed that don increased in 
resistance in a longitudinal field. In a transverse field. he 
found no change in resistance. The increase in resistance 
in a longitudinal field he considered a consequence of the 
change in length of the iron in the field. 

The following table gives some of the earliest quantitative 
results, as determined by Tomlinson “4, 1882, in a longi- 
tudinal field. 


Metal Condition jase eh Metal Condition a ey Sf 
Ta 7 


Nickel .| Annealed 


+ 8070><107 8 


-+ 2335><10-° 


Iron . .} Annealed 


Steel. i +1500 ,, > «| Unannealed | +4343 _,, 
< .| Unannealed | -+- 1137 ,, Cobalt . 5 + 628 


” 


‘ .| Very hard |+- 70 


” 


Faé 92), 1887, discovered that cobalt also decreased in 
resistance in a transverse field and increased in resistance in 
a longitudinal field. 

Goldhammer (*"3),*1887—9, studied the magneto-resistance 
of tron, nickel, and cobalt plates, made by electroplating on 
platinized glass. In all three metals the resistance increased 
in the longitudinal and decreased in the transverse field. In 
both fields the change in resistance approached saturation 
values in higher fields. 

According to Von Wyss °°), 1889, the change in resistance 
in dron in a magnetic field is proportional to the magnetic 
moment. 

Adams ©), Auerbach %2), and Chwolson “*9) confirmed the 
observations of the above investigators as to the change in 
resistance of iron in a magnetic field. 

Garbosso (1°), 1891, seems to have been among the first 
to note an apparent increase in the resistance of won and 
nickel in a transverse field. The increase in won reached a 
maximum at about 3000 gauss, while in ckel the maximum 
occurred at 2000 gauss. 


. : 
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Beattie 6», 1808, investigated the magneto-resistance of 
tron, nickel and cobalt films on platinized glass, in a trans- 
verse field, in order to determine the relation between the’ 
change in resistance and the intensity of magnetization and 
the Hall effect. 

In fields up to 16,000 gauss the magneto-resistance of 
nickel and cobalt was found to be proportional to the square 


of the intensity of magneti- a 


zation. In the case of tron 
the change in resistance did 
not seem to follow this law 
exactly. 

The curves in Fig. 89 
show the change in resistance 


of nickel and cobalt in a 


transverse field. One spe- Arig 
ie 


cimen of nickel gave an Fig, 80. 

apparent positive maximum. 

For a probable explanation of this, see p. 187. 
The table below gives an apparent relation between the 


Hall effect and the magneto-resistance of cobalt. 


H te aN ze eee At 
TAN? r VA r Yr 
2,400 10'2 36'44><10-° 10,300 IO'L AAPA >< LOnn 
5,100 10'2 6275) 33 11,700 10'2 (eZ! 
6,000 10'5 1756 * 13,800 10°5 644'0 
8,500 10°3 245'8 : 16,160 10°5 79'6 
The above relation holds equally well for nzckel. Since 


the Hall effect is proportional to the intensity of magnetization 
in these metals, the change in resistance must therefore be 
proportional to the square of the intensity, 

Gray and Jones 7°), 1900, determined the change in 
resistance in tron wire, so wound in two coils that one was 
in a longitudinal field, while the other was transverse to the 


same field. 
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The difference between the change in resistance when 
magnetized longitudinally and transversely was represented by 
Note) 
AG pee 
where P and Q were the respective resistances of the wires 
out of the field. If A @ were plotted against H, the curve 
became less and less steep as the field increased, and seemed 


to approach a saturation value. 

But if A @ were plotted against Bt, or J*4, the curve was 
practically a straight line, where B is the magnetic induction, | 
and J the intensity of mag- 
netization. The investigators 
found that A@® was given 
by. the equation, 

LAO = awl *, 
where a is a constant de- 
pending on the metal. 

The change of resist- 


ance of ron and mckel in 

PETS. longitudinal and transverse 
fields was examined by Barlow “3), 1902, who found that the 
change in resistance was best represented by the equation: 
se =al?+bI*+cI®, in which Jis the intensity of magneti- 
zation, and a, b, ¢ are constants. A hysteresis effect was 
noted in the magneto-resistance of the two metals. 

The curves in Fig. 90 give the variation of the resistance 
of nickel and tron in a transverse field. In each case a 
positive maximum is followed by a decrease that becomes 
linear in higher fields. 

Knott (8899), r902—1914, investigated the change in 
resistance in aron, steel, and nickel in both transverse and 
longitudinal fields, at temperatures from — 12° to 350°C. 

In longitudinal fields up to 34 gauss, the resistance of 
nickel increased, but increased less rapidly as the temperature 
was increased. The increase in resistance in the field ap- 
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proached zero at about 350° C., the temperature at which 
nickel loses its strong magnetic properties. 

In weak transverse fields up to 60 gauss, and at constant 
temperature, between —12° and 93°C., the resistance in 
nickel increased with field strength. 

In constant transverse fields between 2000 and 4000 gauss 
the decrease in resistance in nickel fell off with rise in tem- 
perature, until a minimum was reached at about 295°C. This 
was followed by an increase to a maximum at about 310° C., 
then occurred a rapid falling off, and an approach to zero in 
the neighborhood of 350°C. This unusual variation at the 
higher temperatures was attributed to the fact that a marked 
change occurs in the Thomson effect at these temperatures, 
and that the metal is about to lose its susceptibility, and 
hence is in a very sensitive state. 

Knott and Ross 9"), 1903, found that in a transverse 
field the change in resistance of nickel reached a positive 
maximum at goo gauss, changed sign at 1300 gauss, and then 
continued to decrease in higher fields. 

Williams, ‘s°°-9°) 1903— 5, examined the influence of stress 
and temperature on the magneto-resistance of zron, nickel, 
and nickel-steel, at temperatures from 0° to 665°C. 

In a longitudinal field up to goo gauss, the increase for 
nickel diminished with rise in temperature, and from 0° to 
2609 C. approached a saturation value. Between 295° and 
345°C., An first increased with the field, then fell off, and 
between 328° and 345°C. changed sign. 

Tron behaved in a similar manner, except that no rever- 
sal in sign was observed within the limits of temperature 
and field employed. 

In a transverse field Av for both wron and nickel reached 


a maximum, decreased, and then changed sign. 
4 


ANG. 
According to Dongier “4°, 1903, a for nickel reached 


a maximum in a field of 1500 gauss. 
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The following changes in the resistance of zron and nickel 


were measured by Zahn (9), 1g04, in a transverse field. 


Metal SEE Ayr 
T 
ISOS ole, Saetoeach. elec 6,290 - —0'0008 
INC Kena een 6,290 — 0'0056 
ea AN eae 10,840 — 0'0067 


Grunmach and Weidert, (3°) 1906, measured the change 
in resistance of tron, nickel and cobalt in transverse fields, 


at: about.20% CG. 
The curves in Fig. 91, 92, 93, in which the ordinates are 


UN oe thy : ; 
—, exhibit the variation of the resistance with field strength. 


‘Iron No. 2 


20000 Gauss 


Iron No. 3 


0,0002 
2 -0,0004 
20000Gauss 
-0,0002 By 
-0,0004 digo 
-0,0006 apn 
-0,0008 
-0,0070 
i Fig. OI 
, 
+0004 Nickel No. 3 
+0002 ee 
0 ve 
20000 Gauss abe Cobalt No. 2 


Fig. 92. Figeosy 
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Iron No. 3 and nickel No. 3 showed an initial increase to a 
maximum, followed by a decrease in higher fields, Consult 
pores; 

The decrease in resistance in all three metals reached 
limiting values in high fields. 

Dagostino (49), 1908, however, observed that both zon 
and nickel exhibited only a decrease in resistance in a trans- 
verse field, and that a limiting value was approached in a 
field of 6000 gauss. 

Dumermuth “5°, 1908, on the other hand, noted an in- 
crease in the resistance of vom in weak transverse fields up 
to 160 gauss. No measurements were made in higher fields 
and no maximum or reversal was observed. 

Blake %), 1909, determined the change in resistance of 
nickel in transverse fields up to 35,000 gauss, and at temper- 
atures from — 190°C. to +182°C. The resistance increas- 
ed in weak fields, reached a maximum, then decreased and 
changed sign, and at higher fields seemed to approach limiting 
values. The decrease in resistance in higher fields was greater 
at the higher temperatures. 

Owen 699), 1911, and Heaps 48), 1911, each observed 
that the resistance of zron and michel in a longitudinal field 
exhibited an increase, that reached a maximum, which was 
followed by a slight falling off; but there was no reversal of sign, 
as they found in transverse fields. 

Onnes and Beckman '39°), 1912, 


measured the magneto-resistance 12060 


8000 
of tron and nickel in a transverse 
field, at 15°C. and at —252°7°C. 
The curve I in Fig. 94 shows ries 
Ar oF 
Bthat ——for wow at 15° C, reaches 
A 


Fig. 94. 


a positive maximum, and then 
AY 


changes sign; while curve II indicates that at —252:7°C. 


reaches a negative maximum followed by a change of sign. 
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Nickel in fields below 3000 gauss exhibited a small positive 
maximum, followed by an change of sign in higher fields, but 
no negative maximum was observed, as was the case in iron. 
The resistance of monel, nichrome and nickel was found 
by Smith “9, 1913, to decrease in a transverse field. In a 
longitudinal field the resistance of these metals increased rapidly 
at first, and in higher fields approachend saturation values. 
Heising 5s), 1914, could observe no initial increase in 
resistance in electrolytic tron in a transverse field. ‘The resis- 
tance began at once to decrease in weak fields and to con- 
tinue to decrease in higher fields. 
In longitudinal fields the increase in resistance of the 
electrolytic tron was slightly greater than that for ordinary iron. 
A most careful and important study of the change of re- 
sistance of nzckel in transverse and longitudinal fields was made 
by Jones and Malam (®), 1914. The specimen of nickel was 
first placed in a longitudinal 
field, and the change in the 
wee resistance with field strength 


was measured. The specimen 


MY was then turned so that it 


made successively increasing 


angles with the lines of force. 


When the angle reached go°, 


. the specimen was in a trans- 


verse field. The variation of 
—20 


the resistance at the succes- 

sive angles was determined. 

Fig. 95. The curve I in Fig. Qs 

shows that the resistance in 

a longitudinal field increases rapidly at first, and then reaches 

a saturation value. While the curve IJ shows that in weak 

transverse fields the decrease is not so rapid at first, but in 

higher fields increases more rapidly, and then aproaches a 
limiting value. 
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The uppermost curve in Fig. 96 gives the variation of 
the resistance in nckel in a longitudinal field. The lowest 
curve is for a transverse field, while the intermediate curves 
show the variation of the resistance for the successive orien- 
tations of the metal. The longitudinal curve changes gra- 
dually into the transverse. 


e 
s, 


aie 
Le [ney 
° s ° ° 


V7 


: 
GB) 
G 


| 
° 


r0) 5.000 ‘0.000 15,000 
Fig. 096. 


In the above variation of the magneto-resistance of nickel 
in the two types of ficld and in the intermediate fields, we 
probaly have an explanation why Beattie 6”, Barlow 43), 
Blake (7°), Grunmach and Weidert 8°, and others found an 
initial increase in resistance of the ferromagnetic metals in a 
transverse field. 

If the metal plates, employed by these observers, made 
an‘ angle with the lines of force slightly less than 90°, or if 
the field was not uniform and some of the lines were oblique 
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to the plate, then in the so-called transverse field a longi- 
tudinal component would be present; and since, according to 
Fig. 95, in weak longitudinal fields the resistance increases 
extremely rapidly, the positive longitudinal component may 
predominate over the negative transverse component, which 
increases very slowly at first,in weak fields. In this way the 
initial positive maximum in weak transverse fields may be 
accounted for. Note the small positive maximum in the 
next to the last curve in Fig. 96, when the metal made an 
angle of 871/,° with the lines of force. 

Zahn and Schmidt ©), 1907, thought they detected in 
Heusler alloy a small increase in resistance in: strong 
fields, namely: 

ray re 


3 0'0007 (approx.) 


However, Heaps (748), 1911, observed a decrease in the 
resistance in the Heusler alloy in both transverse and longi- 


i Ar 
tudinal fields. The a HT curve was convex for the trans- 
S 


verse and concave for the longitudinal field. 

In transverse fields up to 30,000 gauss, Bonazzi 9’, 1914, 
found that the resistance of the Heusler alloy decreased as 
the field increased, and in higher fields approached a limiting 


value. In a field of 30,000 gauss he found ore — 54x 107%. 


Summary. 

The ferromagnetic metals, in general, increase in re- 
sistance in a longitudinal field, rapidly at first, followed by an 
approach to a limiting value at magnetic saturation. 

In a transverse field the resistance of ferromagnetic metals 
decreases, slowly at first, then rapidly, followed by. an approach 
to a saturation value. The apparent intial positive maximum 
in a transverse field seems due to lack of perfect orientation, 
or of uniform field. See Figs. 95 and 96. 
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The change in resistance in each field is proportional to 
the square of the intensity of magnetization, and not to that 
of the field strength. 


4. Magneto-Resistance in Combined Fields. 


Knott 9°), r913—14, examined the change in resistance 
of a nickel strip in simultaneous longitudinal and transverse 
fields. While one field was kept unchanged in direction, the 
other was reversed, amd vice versa. 

When a reversed longitudinal field, Mj, was superposed 
on a steady transverse field, A, the increase in resistance 
diminished as H; was increased, and beyond a critical value 
changed sign. 

A reversed H; superposed on a steady H, caused a greater 
decrease in resistance, as H; was increased. 

In separate fields, the change in resistance of a strip of 
nickel 21 cm. wide was greater in a longitudinal field. In 
strips 2, 4, and 8 cm. wide, the resistances in equal trans- 
verse fields were to each other as 22°5: 47:62. Knott thought 
that if the strip were as wide as long, the change in resis- 
tance in each type of field would be of the same magnitude, 
but of opposite sign. 

The changes in resistance in zron in combined fields 
were similar to those in nickel. 


5. Magnetostriction and Magneto - Resistance. 


In the case of ferromagnetic metals, at least, there seems to 
exist some intimate relation between the change in resistance 
in a magnetic field and magnetostriction. The change in 
dimension of the metal probably does not account for the total 
| change in resistance, yet it must have a part in this change. 

Joule 8), Barrett “5), Tomlinson (4), Bidwell (65), Taylor 
Jones 79, Barlow 3), Nagaoka (s*+~85), Honda and Shimizu (265) 
Shaw and Laws “48), and others have shown that in 
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general neckel and tron decrease in length in a longitudinal 
magnetic field. 

W. E. Williams (5*8-99),, rg02—5, investigated the relation 
between the change in length and the change in resistance 
in nickel in a longitudinal field. The curves, that represent 
the increase in resistance and the decrease in length of the 
piece of nickel wire, with the increase in field strength, were 
strikingly alike, and similar to those of Heaps in Fig. 97 below. 

Jenkins °77), 1914, examined the change of resistance and 
length in several specimens of neckel in a longitudinal field, 


and found that for fields below 100 gauss = was proportional 


to lew 
l 
Starting with the usual theory of electronic conduction 
in metals, Heaps 4), 1915, deduced the relation 


o 


A Ar Al 


where ( is a constant depending on the metal. Heaps found 
that both mzckel and vron contracted in a longitudinal magnetic 
Al é field, while the resistance 

: of each increased. The 
curves I and II in Fig. 97 
indicate a close relation- 
: INGE ISIS 

4 ship between ae and zie 
for nickel. The curves for 


1000 2000 «H iron showed a like cor- 
Fig. 97. 


respondence. 
In a transverse field 270m was found to contract, while 
BX Al 
mckel expanded. The 7 and 7 curves for nickel resemble 
each other very closely, while the curves for zvon are not 
similar. This latter discrepancy would seem to demand further 
investigation. ; 
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It is possible that the Wiedemann (*) twist and the 
Villari 65° reversal in iron may play a part in the discrepancy 


; ae LF SW 
in thé. Vvatiation of =—— and At 
Pr 


6. Magneto-Resistance for Alternating Currents. 


Lenard G4), 1890, discovered that the resistance of bis- 
muth in transverse fields from 6000 to 16,000 gauss increased 
more rapidly for direct currents than for alternating. 

In antimony and tellwriwm in transverse fields, the re- 
_ sistance was greater for direct currents. In no case could 
a difference in resistance be detected for frequencies below 
10,000 per sec. | 

Lenard failed to find any appreciable difference in the 
magneto-resistance of zron, copper and German silver for di- 
rect and alternating currents. = 

Zahn 8), 1891, observed that the resistance of a bismuth 
spiral in a transverse field of 5000 gauss was about 06 °/, 
greater for alternating currents. 

Sadowsky °°), 1894, found that in strong fields, even 
with a frequency of 3 to 4 per sec., there existed a difference 
in the magneto-resistance of bismuth for direct and_alter- 
nating currents. 

Griffiths °2), 1895, working with a frequency of 30 to 
40 per sec., also found that the magneto- resistance of bismuth 
was greater for the alternating current in a transverse field. 
He attributed this increase in resistance to the fact that the 
ultimate particles or crystals of bismuth became magnetized 
in the field, that this magnetization increased with the field, 
and that the alternating current set up forced oscillations of 
the magnetized particles, which hindered the current. 

Wachsmuth and Bamberger (5), 1899, observed that, 
while the resistance of b’smuth outside the field increased as 
the frequency rose from 29 to 110, in fields up to 10,000 
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gauss, the resistance was independent of the frequency... The 
resistance of antimony in a field of 8,250 gauss was found to 
be 1°5 °/, greater for alternating currents. 

Eichhorn (%), 1899, while measuring the resistance of a 
bismuth spiral in a varying magnetic field, observed a lag, or 
hysteresis, in the resistance, that depended on the rapidity 
of the variation of the field. This fact may vitiate the re- 
liability of the bismuth spiral as a means for measuring the 
strength of changing magnetic fields. 

In weak fields the resistance of Jesmeth was found by 
Bamberger (4), 1901, to be less for alternating currents. When 
the field reached 4200 gauss, the resistance was the same for ' 
the two types of current. In the case of antimony the resis- 
tance for alternating currents was always smaller, both in and 
out of the field. For won and nickel the resistances for the 
two currents were the same. 

Simpson (483), rg901—z2, investigated the resistance of bis- 
muth for alternating ‘currents of different frequencies, in fields 
of various strengths, at temperatures from — 185° to + 100° C. 
He considered the change in resistance to be due to an 
E.M.F. set up in the bismuth by the magnetic field. The 
E.M.F. was found to lag behind the current producing it by 
an angle a, where tan @ = 1°13 + 13°2/n, in which m is the 
frequency of the current. 

The frequencies varied from 10 to 60 cycles per sec. 
The E.M.F. set up at ordinary temperatures could be ex- 
pressed by the equation: 


e 2 
Be = 5439”) (H— 4500) 107%, 


in which # is the impressed E. M. F., and e is the secondary 
EK. M. F. set up by the field H. When H=—4500, e=o. For 
temperatures from — 180°C. to + 100°C, in a field of 700 
gauss and for = 30, the ratio e/H rose rapidly to a sharp 
maximum at —70°C., and then decreased rapidly to a 
small value at 1oo® C. 
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Carpini “'?), 1904, measured the change in resistance of 
bismuth in direct and alternating fields. This change could 
be represented by the equation 


Ar (= r 


fo yen x 


- DATS Act 108028), 


ee” 
where J is the current through the electro- magnet. 
Curve I, Fig. 98, shows 


ae LE. 
the variation of —— in a field s 


of 50 cycles per sec., while 
Curve II gives the variation 00s 
in a direct field. 

Geipel °'™), 1912, while 


investigating the behavior of 


bismuth, antimony and tel- 0 
10 14 18 22Amp. 


Fig, 08. 


durium carrying alternating 
and direct currents in a mag- 
netic field, discovered that, when the current was turned off 
from the conductor, there existed a residual electromotive 
force, both without and within the magnetic field. The cause 
of the effect was supposed to be due to the existence of 
layers of material between the pure metal in the wire, and 
to some extent to the crystalline structure of the metal. 

In the metals nickel, copper, xine, tin and mercury no 
residual electromotive force was detected either in or out 
of the magnetic field. 

To explain the difference in resistance of metals in a 
magnetic field, when measured with direct and alternating 
currents, Heurlinger °°), 1916, developed the following equa- 
tion connecting the coefficients of the Ettingshausen and Nernst 
effects, P and Q, with the resistance for alternating and direct 
currents in a magnetic field: 


lin (04.0. = op. o=—P. He, 


i= 00 
_in which » is the frequency of the alternating current, and 
the other letters have their usual significance. 

13 
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Heurlinger found that the above relation agreed with the 
observations of Zahn 9), Seidler (479, Geipel ™), Lenard (374), 
and Bamberger “), 

The change in resistance in tellwrtwm in a transverse 
magnetic field was measured by Beckmann “5), 1917. In fields 
of about 11,000 gauss and at 17° C, the constant A, in 


ag : 
0 = AHA? varied from’ 3:53 Fo “>to 96:04. = "1075". 
Yr o 


In a field of 10,200 gauss, the change in resistance for 


A.C. and D.C. currents was: 


A month later the ratio was equal to 3 =< 107%. 

Wolff 5), 1897; Sagnac ‘4°7), 1902; Von Carolsfeld ©, 
1904; Gans 2%), 1906; Kénig 95), r908; and Seidler 475), rg10, 
have also studied the magneto-resistance for A. C. currents. 


7. Magneto - Resistance in Liquid Metals. 

Drude and Nernst 5+), 1891, observed that the resistance 
of mercury in a field of 8000 gauss increased about o2 %, 
while that of molten bismuth at 290° C. increased 0-4 %. 
The same year Des Coudres 3?) called attention to the fact 
that this apparent increase might be attributed to heating of 
the metal by the current. 

The work of Berndt “), 1907, seemed to confirm the 
contention of Des Coudres. He found that the smaller the 
capillary tube used, the less the increase in resistance. In 
fields from 1000 to 3000 gauss, the increase in resistance 
was not more than 000005 % for mercury, and o'004 % for 
molten bismuth. 

Rossi 4°"), 1911, measured the resistance of mercury, and 
of mercury-bismuth amalgams in tubes of from o'5 mm. to 
o'7 mm. in diameter, in fields from 3350 to 4450 gauss. 
In both mercury and the amalgams the resistance was found 
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to increase with the field, the diameter of the tube and the 
concentration of the amalgam. 


The above subject would seem to deserve further in- 
vestigation. 


8. Magneto-Resistance in Electrolytes. 


Neesen &*°, 1884, observed that weak magnetic fields 
caused a diminution in the resistance of a solution of dron 
sulphate placed parallel to the lines of magnetic force. In a 
transverse field no change was observed. 

Lussana (4), 1893, Hurmuzescu (92), 1897, and Milani (3°), 
1897, were unable to detect any influence of a magnetic field 
on the resistance of salts of iron. 

Bagard ‘Ss, 1899, observed an apparent increase of 1 9/, 
in the resistance of a copper sulphate solution in a transverse 
field of 5000 gauss. 

Berndt °), 1907, examined a series of solutions of salts 
of tron, nickel, cobalt, bismuth and copper. No effect of the 
magnetic field on the resistance of those substances was de- 
tected in fields from 1000 to 3000 gauss. 

Reed 7), 190g, reported that after an accident to the 
machinery, it was found that on a submerged magnetic sepa- 
rator a peculiar corrosion had taken place on a part of the 
copper tube that surroundéd the magnet. The portion of the 
tube corroded showed that the electrolytic current had flowed 
along the lines of the most intense magnetic flux, and that 
the electrolytic conductivity along these lines had been in- 
creased by the magnetic field. 

Stifler 5°), 1909, examined the change in resistance of 
cobaltous chloride, ferric chloride, and copper sulphate solutions 
in a transverse magnetic field of 20,000 gauss. In the two 
chloride solutions there was an apparent decrease in resistance 
in the field, and this change was independent of the direction 
_of the field and of the current. In the case of the copper 


solution the change in resistance was independent of the 
13 
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direction of the field, but changed sign when the current 
through the electrolyte was reversed. This latter behavior 
led Stifler to attribute the apparent change in resistance in 
all three solutions to some secondary cause other than the 
magnetic field. 

Svedberg 3), 1914, investigated the change in resistance 
of axoxyanisol, axoxyanisolphenetol, and axoxyphenetol in a 
magnetic field. The conductivity was found to increase as 
the length of the molecule increased. As the “clearing point” 
was approached, the effect diminished, and at that point 
became zero. The effect required time to reach its maximum. 
In a field of 200 gauss 160 secs. were required, while in a 
field of 300 gauss go secs. were sufficient. 

In general the conductivity was found to increase rapidly 
up to a field of 500 gauss, then less rapidly, and to approach 
a constant value in a field of 2000 gauss. 


9. Magneto - Resistance in Gases. 


Boltzmann °), 1887, noticed that a magnetic field hindered 
the discharge in a Gevssler tube, and that the current was 
reduced, as if the resistance had been increased ten fold. 

Paalzow and Neesen (4°), 1897, also observed that the 
discharge in a vacuwm tube was reduced by a transverse 
field, and sometimes extinguished. 

Warburg (57°), 1897, found that a transverse field would 
sometimes delay the discharge in a vacwwm tube several 
minutes. 

According to Precht 4"), 1898, a spark discharge in open 
ay between a point anode and a blunt cathode, under a 
potential of S000 volts, had its potential reduced 1000 volts. 
by a transverse field of 7ooo gauss. If the cathode was 
pointed and the anode blunt, the potential in the same field 
was increased. 

Birkeland *), 1898, found that at a pressure below 
oo12 mm. a longitudinal field diminished greatly the potential 
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difference necessary to cause a discharge in a tube. When 
the magnetic field at the cathode reached a critical value, 
the sparking potential fell to 1/1o its original value. 

Willows 69, t901—5, called attention to the fact that, 
for pressures above a critical value, a transverse field. reduced 
the current through the tube; while for pressures below the 
critical, the magnetic field near the cathode reduced ‘the 
potential difference and increased the current. 

Almy “, 1901, discovered that a longitudinal as well as 
a transverse field reduced the necessary sparking potential 
in a discharge tube. 

Stark ‘5°, 1903, noticed that both transverse and longi- 
tudinal fields reduced the resistance in the case of glow 
discharges. Pellat “°9-"3), r902—4, found that both transverse 
and longitudinal fields when applied either at the anode or 
cathode region increased the resistance, the transverse field 
producing the larger increase. 

Peck “°7), 1905, in his study of the influence of a magnetic 
field on the discharge in a vacuwm tube, employed a cathode 
covered with calcium oxide. When the cathode fall in potential 
was large, the resistance was decreased by the field; but when 
the fall was small the resistance was increased near the 
cathode, as at other portions of the tube. 

Righi 5°), 191 1— 12, observed some rather unusual changes 
in potential in a discharge tube with increase in the magnetic 
field. In fields from 600 to 1100 gauss, the potential difference 
- increased until the potential was 1900 volts, then the potential 
suddenly dropped to 1700 volts. The potential then con- 
tinued to increase again as the field rose to 2500. 

In the interval between 1900 and 1700 volts, Righi’s so- 
called “magnetic rays” were supposed to be formed by what 
he termed magneto-ionization. The rays thus formed were 
composed of atom-electron doublets accompanied by ions 
and electrons. 

More and Mauchly °°), 1913, claimed that all the pheno- 


3) 
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mena observed by Righi in connection with the “magnetic 
rays” can be produced without a magnetic field, if the hot 
Wehnelt cathode and a wire gauze about the tube are con- 
nected to earth. They thought that the magnetic field did 
not change the nature of the discharge, but simply displaced 
it from the cathode. 

Stassano (5°4), 1912, established the following facts relative 
to the conductivity of gases in a magnetic field. 

1, Very weak fields facilitate the electric discharge in 
tubes of rarefied air at the critical pressure for maximum 
electrical conductivity. 

2. Weak fields increase the luminescence in the tube. 
Stronger fields reduce the luminescence, and, when high 
enough, extinguish it entirely. 

3. When the vacuity is increased, the effect of feeble fields 
on the discharge is rendered void. For vacua of the order 
of ooor mm., the discharge is aided by fields as high as 
100 gauss; while for vacua of the order of o‘or1 mm., more 
intense fields are required to affect the discharge. 

Thus it is seen that a magnetic field aids the discharge 
in rarefied gases, so long as a certain value of the field 
strength is not exceeded, and that after this critical value is 
passed, the magnetic field hinders the discharge. The above 
facts may explain why some investigators have found that 
the magnetic field assisted the discharge in vacuum tubes, 
while others have found that the field hindered the discharge. 
They probably worked under different conditions of pressure ~ 
and field. 

Lehmann °3?3), Bloch (7), and Gouy ('9) had previously 
noted the opposite effect of weak and strong magnetic fields 
on the discharge in wacwwm tubes, but Gouy was the only one 
who had made reference to the influence of the degree of 
the vacuum on the discharge in the magnetic field. The size 
and shape of the tube also exert an influence on the 
discharge. 
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Kent and Frye ©, 1913, while studying the changes that 
take place in the spectrum from a capillary discharge tube 
in a magnetic field, found that the resistance of the tube 
was increased. 

Earhart (57-8), r9o14, studied the electric discharge, ina 
longitudinal field, between parallel plates of a condenser, in 
atmospheres of hydrogen, air, and carbon dioxide, at pressures 
above and below the critical pressure. He found that in 
general, weak fields increased the current, while strong fields 
reduced the current. It required a greater critical magnetic 
field to secure a decrease in the current for lower gas 
pressures. Near the critical pressure the magnetic field had 
little effect on the current. For pressures above the critical, 
the longitudinal field reduced the current. 


K J 


B 
Binns cami 
Cc 

Fig. 99. 


In his study of the deviation of electrons and ions in a 
magnetic field, Righi (57, 1915, used a bifurcated tube as 
shown in Fig. go. 

The portion KJ was 14 cm. long and 5.3 cm. in diameter. 
The branch tubes Z and J were 14 cm. long and 1°5 cm 
in diameter. The pressure of air in the tube varied from 
o'o2 mm. to 3 mm. The current through the tube varied from 
1 to 5 milliamperes. The electrodes B and C' were connected 
to a differential galvanometer of small resistance. 

In a magnetic field the current in the tube was deviated, 
and a deflection of the galvanometer resulted. 

Ives 73), 1917, found that he could reproduce the “magnetic 
rays” of Righi without the use of a magnetic field. With a 
spark gap in the electric circuit the so-called rays could be 
produced. If the pressure were low enough in the tube, the rays 
could be produced without either magnetic field or spark gap. 
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The magnetic field only served to interrupt the discharge 
in the tube, and after each interruption, the tube contained 
an initial positive charge and a residual negative charge.’ 

The general effect of a transverse magnetic field on a 
discharge tube Ives 74), 1918, found to be, that when the field 
acted on the cathode region only, the current through the 
tube was increased; when the field acted on the anode region 
only, the current was decreased; when the whole tube was 
in the field, the current increased in value. 


10. Magneto-Resistance in Flames. 


Wilson (595), 1909, investigated the influence of a magnetic 
field on the conductivity of a Bunsen flame. The horizontal 
electric current and the vertical flow of gases were perpen- 
dicular to the magnetic lines of force. The ratio of the 
potential difference between the exploring electrodes to the 
current was taken as the resistance of the flame. The curve 
in Fig. 100 gives the 
percentage change in re- 
sistance with the mag- 
netic field. The lack of 
symmetry is due to the 
4000 2000 H upward movement of 

2000 4000s the flame. The following 
equation was found to 


give the relation between 
the change in resistance 
and the field strength: 


Fig. 100. 


100 Or. 3.1 10 LAs Tse os Sul herkex pression aon 
LOO OK eT Ve 
a te di, 
conductivity, K the velocity of the negative ions, under unit 
electric field, H the field, V the upward velocity of the gas 
in the flame, and X the difference in potential between the 
horizontal electrodes. | 


the conductivity was: 


in which o is the 
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To avoid the complications Wilson encountered, -due to 
the upward movement of the gases in the flame, Heaps ©5°), 
1916, caused the electric current to flow vertically upward in 
the flame, instead of horizontally. The apparatus employed is 
shown in Fig. ror. The 
flame /’ was produced by 
burning a mixture of gaso- 
line vapor and air in a 
Bunsen burner. The elec- 
tric current was supplied 
from a battery, B, capable 
of giving about 1000 volts. 
The cathode, A, and the 
anode, A, were of pla- 


tinum. The cathode was 
covered with metallic oxides from burnt sealing wax, to 
prevent the large cathode fall in potential. The potential 
gradient was measured by means of two platinum wires, P, P, 
connected to an electrometer, . The circle H Hrepresents the 
magnetic field. The 

variation of the cur- mI 
rent in the flame, when 
the magnetic field was 
on and off, is shown _ 
by the curves in Fig. 


Qo 


102. The curves are 


Current in 
Galv, Deflections 


plotted in terms of 


—) 


galvanometer deflec- 200 = 400 600 800 = 1000 V. 


tions against the ap- Fig. 102. 
plied voltage. 

The general effect of the magnetic field is to reduce 
the current and increase the resistance. The current soon 
reaches a constant value. The apparent saturation is due to 
the fact that an anode fall of potential appears, and ionization 
by collision occurs for the higher voltages. 
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-11!. Theories of Change of Resistance in a Magnetic Field. 


Several theories to account for the change in resistance 
of conductors in a magnetic field have been proposed and 
equations have been deduced to represent this change. 

The leading theories are here briefly given. 

Sir J. J. Thomson 79, 1909, in his theory for the change 
in resistance of a conductor in a magnetic field, assumed that 
the electrons behave as a perfect gas, that’ they have a mean 
free path and velocity, and that they exert a pressure. Under 
a transverse magnetic field the electrons move in cycloids, 
hence their paths and consequently the resistance of the 
conductor are increased. In a longitudinal field, the electrons 
describe spirals, and again the paths and the resistance are 
increased. 

Thomson deduced the following expression for the change 
in resistance in a magnetic field: 

a 


Ar ee 
eee 1), A? w?, 
, 


where vw is the velocity of an electron under a unit electric field. 


e 
Since u=1/,— 7, 
=m 


te r2 


UNG I (=) yok T?, "7 


m 
in with 7’ is the mean period of the electrons. 

The change in resistance accordingly varies as the square 
of the field and the square of the mean free period of the 
electron, and is an increase. 

Van Everdingen (87), rgo1, like Thomson, supposed the 
current to be carried by electrons that behaved like a perfect 
gas, but also assumed that the collisions between electrons 
and molecules are similar to the collisions between hard 
elastic bodies, and that the electrons between two collisions 
are free from the action of all forces except the electric force 
that drives the current through the conductor. His theory — 
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calls for a decrease in resistance in a transverse magnetic 
field. For this decrease he obtained the following expression: 
Ae 63 


Thomson S*), 1902, pointed out that Van Everdingen’s sup- 
positions in regard to the behavior of electrons in a conductor 
were probably at fault, that the collisions between electrons 
and molecules are not similar to collisions between elastic 
solids, and that the electrons, being within a distance of 
10-7 cm. of the molecules around them, are acted upon by 
molecular forces far greater than that of the external electric 
field. Hence the electron rushes into or past the molecule 
with a velocity much greater than that with which it started 
on its journey. 

In accordance with the above statement, Thomson de- 
duced the following expression for the effect of the magnetic 
field on the current flowing in the conductor under an electric 
force X: | 
e\3 
—+ (5) Hs XT, 
in which %, is the number of electrons. Since the current 
is decreased by the field, the resistance is increased. 

Gans ©°), 1906, deduced the following expression, based 
on the electron theory, for the isothermal change in resistance 
in a magnetic field: 

RELA earn ew sk 
r 64 
in which v is the velocity of an electron under a unit force. 
For the adiabatic change in resistance this equation was 


obtained: 


AS get 32 <2") ot. 
% 16 32 

The change in resistance in each case is an increase. 

Adams “), 1907, starting with the assumption that the 

magnetic field brought about a rearrangement of the molecules , 
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such that the mean free path and the nenba of the electron 
were altered, modified Thomson’s theory for the change in 
resistance, and from Thomson’s equations deduced this ex- 
pression for the change of resistance in a magnetic field: 
At ask = He( 2)" 
r fp 4 
Here AT =7— Ty, in which 7 is the mean free path 
period of an electron in zero field, and 7 the period in the 


rn 


7” 


field. A. ~ If is positive and larger than the second term, 


14 


the change in resistance will be an increase, otherwise a de- 
crease. The fact that A 7’ must be positive, to bring about 
an increase in resistance, means that the magnetic field sets 
up such a new molecular arrangement that the time between 
the collisions of electrons and molecules is reduced. In the 
paramagnetic (except iron, nickel, and cobalt) and in the 
diamagnetic -substances, the susceptibility is constant and 
independent of the field strength. Hence. the change in 
molecular arrangement would increase with the field, and 
likewise the resistance would increase for all fields. This is 
in accord with observation. 

In the case of the ferromagnetic metals, however, the 
metals undergo magnetic saturation. All the way up to 


saturation, the molecular arrangement is being continually 

= ai 
changed, and finally reaches a steady state, when the ae 
erm acquires its greatest value: Then as Z is further in- 
creased, the second term of the above equation increases until 
it is equal to the first, and then becomes greater. Consequently 


the change in resistance, which at first increases, becomes 


; Ae Nie 
zero, and then decreases. This change in sign of — in a 
E 


transverse ficld, in the case of the ferromagnetic metals, has 
been attributed by Jones and Malam ‘@%), p. 186, to the fact 
that the metal was not exactly perpendicular to the magnetic 
lines of force. 


LONGITUDINAL POTENTIAL DIFFERENCE 205 


Richardson “33, 1914, employing the same assumption 
as that used by Adams, deduced the following equation for 
the change in resistance in a magnetic field: 

ay I 
Poy 
in which 7, is the free period of the electron outside the 


(A foe ah 
12 sy 
magnetic field, and 7 the period in the field. Since 7, and 
T are nearly equal, we may write 
a ESS Ws: fe C2 P, 


i tie cr, 
, ph 12 me? 


an expression similar to that of Adams. The above equation 
may be written 


Lay ye o \? 
r qi ere) 


in which o is the electrical conductivity. If ae is neglected, 


the second term affords a means of determining n, the number 
of electrons in a unit volume. | | 

Livens (379), 1915, starting with the usual suppositions with 
regard to free electrons, deduced for the change in resistance 
in a transverse magnetic field the expression: 
EY 7 \. 6? LPG 
s=(3 =) ore 
in which / is the mean free path of the electron when 


undisturbed, and q=—>) where w? is the mean square 
2 


velocity of the electron. According to the above, the change 
in resistance in a transverse field is an increase. 
For the change in resistance in a longitudinal field, 

Heaps 5", 1917, obtained the equation: 

or OA 

Or aes 
in which 4, is the mean free path of the electron in zero field, 
and d/ is the change in path in the field. If the longitudinal 
field produces a decrease in the mean free path, an increase in 
resistance will result. Practically all observations thus far made 
have indicated an increase in resistance in a longitudinal field. 
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For the change in resistance in a transverse field Heaps 
deduced this equation: 


v? ie 
in which v is the velocity of agitation of the electrons. 
According to the above equation, a transverse field will produce 


; di. =r : 
an increase in resistance, so long as 7 if positive, is not 
0) 
Nee 


pe 


oe than Ht 7 ) 
m 


The difference between the two effects produced by 
the two fields is: 
rn (< ys-¢ OA 
m) v2 i ae 


r 7 
For crystalline substances, or those drawn through plates, 


the two last terms are not equal, but for substances that are 
magnetically isotropic, they may be considered equal, and in 
that case, | 


According to this equation, the transverse field produces 
a greater increase in resistance than a longitudinal. All 
experiments seem to confirm the above relation, except in the 
case of the ferromagnetic metals and bismuth. It is con- 
ceivable that some exception may be found in other highly 
crystalline substances. 

Patterson ‘°5), Laws 3™, Heaps @59, and others have made 


Ar 
use of the several — equations, already referred to, in com- 
ye : 


puting the mean free path /,, the mean free period 7, and 
the velocity w of electrons, and the number of electrons 
in aunit volume. The results obtained are of the same order 
of magnitude as those obtained by other means. 

The following expression, based upon the electron theory, 
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for the conductivity of a metal in a magnetic field, was 
deduced by La Rosa (457), rgro: 


_ ev pale rela tL" 
o= Selon r Goa 3 


in which e, e, v, m, H, 7, have the usual significance, and 


l, is the mean free path of the electrons in zero field, and 
ny the number of electrons in H field. By means of this 
equation La Rosa computed the mean free path of the 
electrons in bismuth in zero field to be 1,>4 >< 10-%cm. 


12. Magneto-Resistance and the Hall Effect. 

The change in resistance in a conductor in a magnetic 
field may be considered as a difference of potential set up 
by the field, and hence is sometimes termed the “longitudinal 
Hall effect”. Attention has already been called to the striking 
analogy between the Hall effect and the change of resistance 
in a magnetic field. 

For pure bismuth, the following relation between the Hall 
electromotive force and the change in resistance in a magnetic 
field was found by Beattie ‘9, 1896, to hold good: 

E=CyAr, 
in which C is a constant. 

For impure specimens of bismuth, in which the Hall effect 
reached a maximum, the following equation was found to hold: 
+ B=, (Ary + G, (Ary, 

in which ©, and G, are constants. 

This latter equation permits a change in sign of the 
Hall effect. 

From the equations of Drude “49, it may be shown that 
the change in resistance in a magnetic field and the Hall effect 
are related by this equation: 

Nef deN 

| cea 

in which R is the Hall coefficient, and 7 the specific resistance 
of the metal. 

Gans (8), 1906, deduced equations similar to the above: 
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For the isothermal Hall effect: 
INT oe 
ee | (=) ; 

For the adiabatic Hall effect: 
Soe | 

r r 
On the basis of the existence of two kinds of ions, 

Corbino 3°), 1918, developed the following relation between 

the Hall effect, &, and the change in electrical conductivity, 

C, in a magnetic field: 


RC= Ha Ce (0 =) 
in which #, and ©, are the Hall coefficient and the electrical 
conductivity in zero field, and », and v, the mobilities of 
the positive and negative ions. 
Corbino also deduced this expression for the change in 
conductivity in a magnetic field: 
AC 
C, 


= — J, b, (v, + vy)? H?, in which 


Ny % Np Us 
Nii, es.) 2 © Ne Nae 

By means of these equations Trabacchi (4°, 1918, de- 
termined for bismuth the number of ions, N, and N,, per 
1 c.c., and their mobilities at 169 and —65° C. The table 
below contains the results. 


by 


| Temperature | Ni | N, | On | v, | 
=| Oa Ce Or < 19) | URS SS THO | 5°4>< 108 | Ey SSO? 
=o ae, 0°24 4, pec OOOn as big Ona | Annas, | 


The change in the Hall effect and in the resistance -of 
the same bismuth plate in a magnetic field was also determined 
by Trabacchi as follows: 


HT L R | Talr . | 

5770 | ee apr) | Teal, 

9140 ==h'67 1°34 | 
| 13080 | — Ai U5 | 15/5 | 
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1. Galvanomagnetic Longitudinal Temperature Difference. 


Nernst ‘3*7), 1887, discovered that a bismuth plate, carrying 
an electric current, when placed in a magnetic field of about 
Sooo gauss, exhibited a longitudinal temperature gradient. 

If an electric current, J, is flowing through a plate, P, 
Fig. 103, and this plate is subjected to a magnetic field, H, a 
temperature difference, AT, be- 
tween the points 4 and B will be 
set up, which may be written 

A T= DT cea 
wt 
in which / is the distance between 
A and B, w the width and f¢ the Fig. 103. 
thickness of the plate, and L a constant depending on the metal. 

In bismuth plate No. I, examined by Nernst, the temper- 
ature gradient was opposed to the electric current J, while in plate 
No. III the gradient was in the same direction as the current. 

The longitudinal thermomagnetic E.M.F. in plate I was 
found to be positive (p. 244), while that in plate III was 
negative. So that the E.M.F. set up in each plate, in the 
presence of the temperature gradient, by the magnetic field, 
opposed the flow of the.electric current, I. 

Ettingshausen (9), 1888, also observed a longitudinal 
temperature difference in bismuth in a field of gooo gauss. 

Zahn (9), 1.904, found that the longitudinal temperature 
difference in b7smuth was proportional to the primary electric 
current, and that it increased with the field strength; but the 
exact variation with the field was not determined. In an 
impure piece of bismuth the temperature gradient was opposed 
to the direction of the electric current, while in a pure 
specimen the gradient was in the same direction as the 
electric current. With a current of 1 ampere through the plate. 
a field of 10,000 gauss set up a temperature gradient of o'04°C, 


Hall and Campbell 47), 1911, sought for a longitudinal 
14 
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temperature difference in soft tron. The effect, if present, 
was too small to be measured with certainty. 

So little work has been done on this longitudinal galvano- 
magnetic temperature difference, that no general conclusions 
can be drawn_as to its direction or variation with field strength. 


According to the equation 


AT= ee 
wt’ 


the difference in temperature is more likely to be detected 
when J, J, and H are large, and w and ¢ are small. 


2. Theory of the Galvanomagnetic Longitudinal Temperature Difference. 
Drude 49), 1900, pointed out that since the longitudinal 
galvanomagnetic and thermomagnetic effects are not reversed 
in sign on the reversal of the magnetic field, those effects 
should vary as the square of the field strength. 
With the usual assumptions of the dual electron theory, 
Drude deduced the following equations, which include the 


longitudinal change in temperature, = along the plate, in 


the direction of the electric current: 


dg, aA Lee lOg Ness On 
dings (4 a el 
er - hol dlogN, oF 
dt (4 2 Pca i oe. 
dé, _ dé, 
aS here pene age 
in which = and oe are the current velocities of the two 


types of electrons, and v, and v, their velocities under unit 
force, and X the electric force along the plate. The other 
letters have their usual signiticance. 

If the portion of the metal in the magnetic field is 
considered as a different metal from that outside the field 
(and the properties of the same metal within and without the 
field are different), then the galvanomagnetic longitudinal 
temperature difference is in reality a Peltier effect. 


W 
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CHAPTER XII 


NERNST EFFECT: TRANSVERSE THERMOMAGNETIC 
ELECTROMOTIVE FORCE 


1. Historical and General. 

While studying the Hall effect in besmath, Ettingshausen 
and Nernst “7%), 1886, were led by certain irregularities in 
the effect to examine the influence of the magnetic field on 
a bismuth plate through which a heat current was flowing. 
They used a rectangular plate of bismuth about 5 cm. long, 
4 cm. wide, and 02 cm. thick. The plate was held by two 
copper clamps, C) C, Fig. 104, 
one of which was heated and 
the other was kept cold. Cop- 
per wire electrodes led from 
the edges of the plate, at 4 
and B, to a galvanometer. The 
bismuth plate was placed with 
its plane perpendicular to the Fig. 104. 
magnetic field, H. When the magnetic field was put on, an 
electric difference of potential was set up between the points 
B and A, and an electric current, 2, continued to flow from 
B through the galvanometer to A as long as the field was 
on. The direction of this current changed with the direction 

of the field, and also with the direction of the heat current 
in the plate. If the two ends of the plate were equally heated, 


the effect disappeared. 


Zim 14* 
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The electromotive force set up by the magnetic field 
was found to be proportional to the magnetic field strength, 
to the distance between the side electrodes, to the temper- 
ature gradient along the plate; and independent of the thick- 
ness of the plate. 

This transverse thermomagnetic electromotive force may 
be expressed by the following relation: 

dt 

= Oe bn 

in which Q is the Nernst constant depending on the metal 
employed, H the magnetic field strength, b the width of the 


plate, and eS the temperature gradient along the plate. 
The above equation may be written 
paelae ees 
ve R hae 
where @ and H are as before, K is the thermal conductivity, 
t 
A=Ka-%, a=bd, and d=the thickness of the plate. 
Or we may write 
E-1 
aay eT ELE 


in which / is the distance between two points along the plate 
at temperatures t, and ty. . 

If W is the amount of heat that passes through a cross- 
section of the plate per sec., then 


Ww K(t —t)b-d- 
l 
Hence G E-d- 
K W.-H 
The Hall coefficient is 
pe E-d 
eed ae 
Here the analogy between es and f& is complete. The ° 


heat current W in the one corresponding to the electric 
current J in the other. 
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In the following table of Nernst and Hall effects, de- 
termined by Ettingshausen and by Nernst (387), 1887, it will 


be found that AL 
K 


@Yand R. The Nernst effect was determined while the ends 
of the plate were at about 100° and 12°C., or at a mean 
temperature at the middle of the plate of about 56"'C. the 
Hall effect was probably determined at room temperature. 


and # agree with each other better than 


Nernst and Hall Effects Compared 


Substance (@) | Temperature Q R 
Coefficient KG 
Bismuth. . . — 0132 = 070133 —78 — 101 
Antimony... — 0'00887 — 0'00163 — 021 + o'192 
Nickeli:s, Le. — 000861 + 0'00402 — 0'066 — 0'024 
Cobalt c.. 2+ —o0'00224 | + 0°00839 — 0'013 + 0°0046 
PrOUiR es ee + 000156 o- + 0.00906 ++ 00113 
Steeb. . ywi>. -- 0'000706| + 0700400 | -+-o0'0071 -+-+.0°0175 
Copper ++ 07000090 | ++ 0'0050 + 0'00013 --.0°00052 
FENG eer peer -- 0'000054 | — -++ 000020 — 0.00041 
Silver + 0000046 = ++ 0°00005 ++ 0°00083 
hieade: &. 2. (7) 0°000005 = -+ 0:00006 -+ 000009 
cirinamn Shr (?) + 0'000004 — + 0°00003 — 0°00004 
Carbon ...| (—o‘000!) — (— 0°25) —o 18s 
The Jack of better agreement between g and R may 


fe 
be due in part to the fact that @ has not been corrected 
for the Righi-Leduc effect, p. 233, and R for the Ettings- 
hausen effect, p. 146. Furthermore, the thermal! conductivity 
K probably was not determined for the particular piece of 


metal employed for finding @ and AR. 


2. The Sign of the Nernst Effect. 
a. Nernst’s Convention. 
According to the convention laid down by Nernst (3*7), 
a metal is said to have a positive Nernst effect, when in going 
from the entrance of the heat current, W, Fig. 105, to the 
point of entrance of the derived electric current, 7, at the 
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edge of the plate, B, the passage is in the direction of the 
electric current in the electromagnet H. In accordance with 
this convention, the Nernst effect in dro is positive. 

In the case of bismuth, the 
passage from the entrance of the 
heat current, W, Fig. 104, to the 
point of entrance of the derived 
electric current, 7, at A, is in a 
direction opposed to the current 
in the electromagnet, and ac- 
cordigly the Nernst effect in this 


metal is called negative. 


b. Later Convention. 


The more recent convention for the sign of the Nernst 
effect is the reverse of that originally adopted by Nernst, 
and is analogous to the convention for the sign of the Hall 
effect, p.9. That is, if the passage from the point of entrance 
of the heat current, W, Fig. 106, 
to the point of higher potential 
at the edge ‘of, the, plate, 61S 1m 
the direction of the current in the 
electromagnet, H, the effect is said 
to be posztive, as in bismuth. 


In accordance with this con- 


Fig. 106. 


vention, the passage from the point 
of entrance of the heat current to the point of higher 
potential, A, in iron, Fig. 105, is opposed to the current in 
the electromagnet, and the effect is called negative. 

This later convention has been adopted by Hall (4), 
Richardson 33), Smith (93), and others, by the Recueil des 
Constantes Physiques, and by the Smithsonian Physical Tables, 
6th Edition. In the tables of Nernst effects, p. 230, the signs 
are given in accordance with the later convention, while the 
quoted values in the text have the signs as given by the authors. 
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3. Variation of the Nernst Effect with the Magnetic Field 
and with Temperature. 

Bismuth. Ettingshausen and Nernst 73), 1887, observed 
that the Nernst effect in bésmath decreased slowly with increase 
of the magnetic field. In bismuth-tin alloys the effect 
decreased with increase of field more -rapidly than in the 
pure metal. 

Everdingen (*?), 1898, determined the variation of the 
Nernst effect with the magnetic field in electrolytic bismuth. The 
curve in Fig. 107 represents the 
change of the total Nernst E. M. F. 
with the field H. The electro- 
motive force reaches a negative 
maximum, then decreases, changes 
sign, and seems to increase in- 
definitely. The temperature at the 
middle of the plate was about 
34° C. The E.M.F. was in ab- 
solute units. 

The change in the Nernst effect in electrolytic bismuth 
with increase in the magnetic field was also investigated by 
Yamaguchi (7), 1900. The following tables gives the results. 
The values of m are computed from the equation, 


Fito. 


dt 
H—— bm, 


where —=QH. The E.M.F. was measured in microvolts. 


Nernst Pffect in Bismuth 


Temperature — 119" C. — 30°5°C. 20) Cunt Conus 
Tél mu m m m 

1293 = — +046 — 0°30 

2650 +25 +7 2°32 — 0°25 

4120 38 14 5°50 + 0°65 

* 6120 545 23 10°60 + 2°82 
8650 72 2m 15'I — 
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According to the curves in Fig. 108, it is evident that m 
increases with they field more rapidly at the lower temper- 


m 


+ 70 


30 


Nernst Effect and Change in Resistance in Bismuth 


4000 


Fig. 108. 


8000 


12000 
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atures. At 62°C. the effect changes 
sign, as Everdingen found was the 
case at 34°C. and 50°C. Yamaguchi 
also determind the change in re- 
sistance in the magnetic field. The 


, 


are given in the table below. 


— 119° C, | | org tice | TOs | 6225€ 
ac dal j] 
ED A it V— A a ni— EE 2G i— Ar Ar ni— Ar 
Tr : iP TP silly Up i iP r 
1293| '— — — — 0°047 | 98 |lo‘oro| — 29 
2650! 0°90 28 0°22 32 0123 19 0':040} —6 
4120! 1°39 Ly) 0°39 35 O'170 32 o'096| + 67 
6120] 2°21 24.5 0°64 Be 0°337 31 o'103| +2 
8650 | 3°04 24 0'92 34° 0494] = 31 = = 


The change in resistance is thus seen to increase with 


; : NTE es 
the field strength, while the ratio (aoe is fairly constant, 


except for weak fields, and for the case where the Nernst 


effect changes sign. It would seem then, that, as in the case 


of the Hall effect, the change in resistance of the metal in 
the magnetic field has a direct bearing on the Nernst effect. 

Lownds 44), 1901, determined the Nernst effect in a 
crystal of bismuth, both when the heat current was parallel 
to the crystallographic axis and when it was perpendicular 


to this axis. The determinations were made at temperatures 
from —140°5° to +73°C., and in fields up to 7000 gauss, 
The effect was considerably larger when the heat flow was 
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perpendicular to the crystal axis, and in general the effect 
was greater at the lower temperatures. At°73°C. the effect 
underwent a negative maximum, followed by a change in sign, 
as Van Everdingen (p. 215) had found was the case at 34°C., 
and Yamaguchi (p.-216) at 62°C. | 

Antimony. The variation of the Nernst effect in antimony, 
with field strength and with temperature, given in the table 
below, is due to Barlow “4), 1903. 


Nernst Effect in Antimony 


sen Gert) iS" C. 300, GC: 
H 
m= YH m= QH m= QH 
| 4,310 _ +72 = 
8,190 + 174 + 159 +113 
10,200 + 222 + 202 + 147 
| 12,500 + 281 + 243 + 185 


Here m increases slightly more rapidly than H, and is 
greater at the lower temperatures. 

Van Aubel 3"), 1911, measured the relative magnitudes 
of the Nernst effect in antimony and graphite at 40° C., with 
the result that the effect in graphite was about 2°63 times 
that in antimony. 

Iron. Hall and Campbell 47), 1911, measured the Nernst — 


effect in soft 7von with the following results. 


Nernst Effect in Soft Iron 


H | Temperature | Q 
5550 Bile Cs | — 0'00086 
5500 60° | “— 0'00008 


Here @ increases with temperature. 
Nickel and Cobalt. The 
cobalt, at temperatures from 56° to 410°C., and from 56° 


Nernst effects in ntckel and 


to 550°C., were determined by Smith “*®), 1911. The variation 
of the Nernst effect in »2chel with temperature and field 
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strength is shown in Fig. 109. For any given temperature 
below the critical, the Nernst effect in nickel is seen to be 
at first proportional to the magnetic field. After the maximum 
magnetization of the metal has been reached, the effect 
approaches a saturation value. 

For any particular field, the effect increases until the 
critical temperature is reached. For temperatures above the 


critical, 400° C., for example, the Nernst effect in nickel is 
proportional to the field. 

In Fig. 110, we see that the Nernst and Hall effects in 
nickel pass through similar variations with temperature. After 
the critical temperature has been passed, the two effects fall 
abruptly, and then go on decreasing as the temperature rises. 

The origins for the two curves have been shifted to 
avoid serious overlapping. 
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The Nernst effect in cobalt, between 56° and 550°C.,, 
was found by Smith to be proportional to the magnetic 
field up to 12,000 gauss. Since A 
the critical temperature of a 
cobalt is about 1100°C., the 
variation of the effect up to 
and beyond that temperature 
remains to be determined. 

In general, for the tem- 
peratures used, the Nernst 
effect in cobalt increases with 
temperature, and this increase 
in the Nernst effect is similar 
to that of the Hall effect as 
seen from the table below. Pig. 110. 


100 300 500 T00Abs. 


Variation of Nernst and Hall Effects with Temperature 


Nickel Cobalt 
Temperature Q R 7) R 

300° Abs. |+ 5°25 X 10-*/— 11'°2X 10 §/+ 1°80 X 10 J+ 588x107 ° 
BEG 7S 14.8 pis 7°60 
OG = ae 9°75 188 2°70 100 
450° 13'0 24°0 3°30 126 
500° 16°7 30'2 4°00 16'0 
550° Biles 376 4°85 200 

ee xeeren 27°0 463 5°70 24°6 
650° 34'0 59°0 | 6°75 20°6 
700° 2'0 . yao. 7°80 35°0 
FO 8°90 40°8 
800” i 10°00 468 


Silicon. The Nernst effect in szlicon was observed by 
Buckley °°), 1914, to decrease with temperature between 0° 
and 100°C., in fields up to 20,000 gauss. For all fields the 
effect was found to be proportional to the field strength. 
For one specimen, Q@=—0'020 at 5a°C., and Y=— 0016 
at, 30° GC: 
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Tellurium. According to Wold (4), 1916, the Nernst 
effect in tellwriwm increased rapidly to a maximum, at about 
100° C., then decreased, and seemed to vanish as the melting 


Q point was approached, 
A ' Fig. r11. Up to a field 
: Te of about 12,000 gauss, 
2 


the Nernst effect in 
tellurium was found to 
0 : : 
100 200 300 400 Soore,:«S«éDe-independent of the 
Fig. 111. field strength. 


4. Nernst Effect in Alloys 


The Nernst effect in bismuth-tin alloys was determined 
in 1887 by Ettingshausen and Nernst “75). The results are 
given in the table below. The electromotive force # is in 
absolute: units. 


Nernst Effect in Bismuth-Tin Alloys 


Plate. Bismuth Tin 18f E 
Bismuth . . 100 % 0 % 2810 — 5070 
dO Re ae 99°05 0°05 2820 — 2070 
y BY 0 amr arm 98°54 1°46 2800 . — 2310 
UE tem onc 93°86 614 2830 — 324 
IGE hy Bec 869 REI 2800 — 128 


The Nernst effect in the above alloys falls off rapidly 
as the tin content is increased. 

The Nernst effect in bismuth-lead alloys was determined by 
Van Aubel 7), 1903. The results are given in the table below. 


Nernst Effect in Bismuth-Lead Alloys 


: - Galvanometer 

Bismuth Lead Deflection 

100 % 0 % 447 
go"'4s 1” O57 Ses 
06°44 3°56 ae 
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Here we have further evidence of the profound influence 
of the presence of small amounts of foreign matter, or 
impurity, upon the Nernst effect in metals. 

The Nernst effect in the Hewsler alloy and its constituents 
was determined by Zahn and Schmidt ©*®, 1907. The alloy 
consisted of about 25% Mn, 15% Al, and 60% Cu. The 
results are given below for 55°C. 


Nernst Hifect in Heusler Alloy 


| Metal | Q | Metal | Q 
-. Heusler Alloy | — 07000500 | Aluminium . . ++ 0'000020 
| sie anganese .. | — 0°000015 |, Copper By se -++ 0000090 


The effect in the alloy is larger than in the component 
metals. The temperature coefficient of the effect is —o‘oo6. 
The effect decreased with increase in field strength. 

The Nernst effect in Bi- Sb, Sb-Cd, and Sb- Zn alloys 
was determined by Smith “*7), rgor1. The effect in the Bi-Sb 
alloys fell off rapidly on the addition of antimony, and soon 
approached the value of the effect in pure antimony. 

In the Sb-Cd and Sb-Zn alloys the effect fell off gradually 
at first on the addition respectively of cadmium and zinc; 
the effect then gradually increased, and reached a maximum 
singular point when the metals were combined in the ratio 
of their atomic weights. The effect then decreased and 
approached the value of the second metal content in its 
pure state. 

The Nernst effect in the magnetic alloys, monel and 
nichrome, and in silicon steel was investigated by Smith (199), 
1913. In monel and nichrome the Nernst electromotive force 
increased rapidly at first, then more slowly, and finally seemed 
to approach a limiting value with further increase of the field. 
Between the temperatures 50° and 167°C., the effect in monel 
was found to decrease greatly with rise in temperature. In 
the case of nichrome the effect increased slightly from 95° 
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to 205° C,, and decreased as the temperature rose to 308°. 
The addition of 025% of silicon to steel reduced the Nernst 
effect to about one half, while 3 8%, silicon reversed the sign 
of the effect and increased its magnitude by about 3'/, times. 

The following tables contain the Nernst effects determined 
by Smith 49°, 1921, in the magnetic alloys of m2ckel-copper 
and ?ron-nickel. 


Nernst Effect in Nickel- Copper Alloys 


Ni % Cu % Q Ni % Cu % Q 
100 fe) + 0700348 75 25 "| +0°'0350 
905 5 + oo118 70 30 + 0°0174 
92°5 qe) —P 0'0147 65 35 -+ 0°00097 
90 10 + 0'0207 50 50 + 0:00017 
85 15 + 0':0256 — 


Nernst - Lifect in Iron- Nickel Alloys 


Fe% | Ni% Q Fe % Ni % Q 
100 O — 0000975 91°83 S17 — 
98°93 1'07 — 0'000421 89°80 10°20 + 0'00380 
98°07 1°93 — 0.000306 86°89 Lear + 0:00495 
92°95 7°05 + 0'001903 44°0 56:0 + 0000133 


The Nernst effect in the mckel-copper alloys reaches a 
maximum, when the composition points to a compound CuNi,. 
In the evon-nickel alloys, the effect decreases on the addition of 
nickel, and changes sign when the nickel content is about 2%. 


5. Theories of the Nernst Effect 
Ettingshausen and Nernst 72), 1886, seemed to think the 
phenomenon, now known as the Nernst effect, was intimately 
connected with the molecular structure of the metal. 


Nernst (87), 1887, gave the following equations for the 


effect: ee one Alle ere 
du dy 
a, dp ; dt 
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in which w and v are the current components along the axis 
« and y respectively, ¢ the temperature at a point (w, Y), 
p the potential difference, / the electrical conductivity, H the 
magnetic field strength, and Q the Nernst coefficient. These 
equations are similar to those developed by Lorentz, p. 76, 
for the Hall effect. 

Riecke 3°), 1898, assumed that a heat current in a plate 
carried with it the two kinds of electric particles, and that 
the magnetic field acted upon those particles and set up a 
transverse difference of potential, the coefficient of which is 

Wp Wn (Up + Un) 
Up Wn + Un Up 


in which the letters have the same significance as in the Hall 


coefficient, p. 79. In the above expression Q depends upon 
both the vibratory and the migratory velocities of the two 
kinds of ions. 

The expression deduced by Drude (49), 1900, for the 


Nernst coefficient is 


. ay, dN, 
Per V, @ ree t NV, zz) 


v, N, + v, Ny 
in which the letters have the same meaning as in the Hall 


coefficient, p. 80. Here Q is dependent on the velocity of 
the ions and upon the number of ions per unit volume, which 


one 


y 


latter is a function of the temperature. 

In 1906 Riecke ‘°) developed another expression for the — 
Nernst coefficient, viz: 

0 1 Oyl; eb 
16 fh 

in which v, and v, are the velocities, and /, and /, the mean 
free paths respectively of the positive and negative ions. 

Starting with the supposition of only one kind of 
free electron, Livens %), 1915, deduced the following 
equation for the Nernst electromotive force set up by a 


magnetic field: 
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m™H\ 


3 4 ee 
RE 2 I r(i+4) a a dO 
a 5 | r(2 +3) | me ays 


in which S is the constant connected with the force exerted 
by the molecules on the electrons, R is the usual absolute 


constant in the equation 
m 


~ eRO 


The above equation for H changes sign according as S 


is <or>4. Hence the sign of the Nernst effect may depend 
on the magnitude of the force acting between the molecules 
and the electrons. 9 


6. Relation between the Nernst and Righi-Leduc Effects 

The magnetic field not only produces a difference of 
electric potential at the edges of a plate carrying a heat 
current, but also sets up a difference of temperature at the 
edges. The latter effect is known as the Righi-Leduc effect, 
p. 233. If the wires leading from the edges are not of the 
same material and property as the plate, a thermo-electric 
E.M.F. will be superposed on the Nernst difference of po- 
tential. The Nernst E.M.F., Ho, is found by correcting the 
observed E.M.F., Hjss., as follows: 

Eo = Eos, + AT-O, 

where AT is the difference of temperature set up at the 
edges of the plate, and © is the thermo-electric height of the 
lead wires against the metal of the plate. 

Since the true Nernst E.M.F. is given by the equation, 


It 
Eo=QbH—, we have ODES = ete, AN L-O, or 
dt dt 
QO = Eos. bH- + AT. O——bH he 
But the Righi-Leduc effect, p. 235, i 
SN Ttesisian 


dl 
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Hence Q = Eos. bao + S-@. 

Many of the earlier determinations of the Nernst effect 
were probably not corrected for the Righi-Leduc difference 
of temperature. 

Zahn (9), 1904, derived the following expression for the 
ratio of Y to S: 

Q — ss =o NaN: Ls N, 

G7 O'S Pic. >< 10 No? 
in which p= 1-656 =< 10~4, e=3 101, and N, and N, the 
number respectively of negative and positive ions per c.c. . 

If the above values are substituted and N, is considered 
negligible compared with N,, then <= 2°75 >< 10%: 

The ratios in the following table are due to Zahn (I.c.). 


Ratio of Nernst and Righi-Leduc Effects 


Q Q 

| Metal 5 Metal | S 
Bismuth) 232 7 S< Los ‘TRO ie Rawat Wee 0:28 >< 10 
Antimony ... OES Cobaltem emacs Wd 
INTekelwern. 61, - OlGh as | 


Roughly speaking, these values are of the same order of 
magnitude as the theoretical value of the ratio, 2°5 >< 10%. 
Heurlinger 59), 1915, developed the following relation 
between the adiabatic, Y,, and the isothermal, Q;, Nernst 
effects, and the Righi-Leduc effect: 
Q.— Q = E,H? 8, 
in which F; is the coefficient of the thermomagnetic longi- 


tudinal potential difference. 


7. Relation between the Nernst and Hall Effects 
Barlow (44), 1903, in his compensation method, sent through 
antimony, bismuth, and xinc plates both heat and electric 
currents of such magnitude and in such direction, that the 


Nernst and Hall E. M. F.’s were equal and of opposite sign. 
15 
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In. this case Hing = He Ho=0, “or 


RHI dt 
Lota = = vq. = aia Qb pHa = 
0 Ts a Ge, 
paguce R ba> a 
: : : Sh 
Since the current density, 4 = hae 
Qos fas dt 
Ree shal 
The table below gives the values of = as determined 
by Barlow. 
dt eee eh Q 
Metal jal dl Fra | emperature PR 
_| Antiniony 9130 TOweGe 0°82 | AACICs + 00817 
Bismuth . 9030 123° Ogos ataso° — 0'081 
e 9030 Tabi TeS7, | AOS — 0085 


The following relation between Y and F# is Zahn’s (3) 
modification of Gans’ (°°) ei 


Q= 40) Ro— 


4), 
ee N 

ee 
and o, and &, are respectively the conductivity and the Hall 
coefficient in very weak fields, a limitation that applies only 
to bismuth. If it is admitted that the different signs of R are 
only apparent, and that the positive are due to a retrograde 
inner field, then according to the above equation, Y and R 
will have the same sign in metals in which b< 4°77, and 
opposite signs in metals in which b> 4:77. 

Zahn deduced a similar relation between the Nernst effect 

and the isothermal Hall effect: 


Os Ryo (15 +70). 


Since e is negative, he two effects must have opposite 
signs, unless b changes sign. 


in which b=2T7T 
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8. Relation between the Nernst, Hall, and Thomson Effects 
Moreau 37°-?), 1900, pointed out the fact that there should 
exist a simple relation between the Nernst, Hall and Thomson 
effects, and the specific resistance of a metal. 
The Nernst effect equation is 


EP di 
SS ei een (1) 
The static Thomson effect potential gradient is 
de dt 
dl = oO dl Rie er ee Op at ie fg! es ae 6th Neer ah (2) 


where o is the Thomson effect coefficient. 
If equation (1) is divided by (2) we have 


i ae 0 
= (| : i) | ee ae (3) 
The usual Hall effect equation may by written 
Y ovens A 
scans Macrae 
If e is the difference of potential at the ends of the plate, 
then the potential gradient is and if @ is the specific 
resistance of the metal, J= th x< ae 
: dl 0 
The Hall equation becomes then, 
di. A6\0 
R Goae i @ 


If the supposition is made that the equipotential lines 
of the primary electric current of the Hall effect are rotated 
by the magnetic field to the same extent as the static thermo- 
electric equipotential lines of the heat current of the Nernst 
effect, then the expression in the parenthesis in (3) is equal 
to the similar expression in (4), and if (3) is divided by (4), 
we have ok 


Q ve ) 
& 


which is known as the- Moreau equation. 
‘ The following table gives the values of R and @ as 


determined by Nernst “*7), and the values of Q computed from 
x reso 
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Moreau’s formula. The sighs of the observed values of Q 


are according to the later convention, p. 214. 


Metal ea Onn 0x9 Vobs. Qeale. 
Bismuth. | — 10°! — 1875 | 126582 ++ 0196 + 0°149 
Antimony | + o'192 + 2074 44228 ++ 0°00904 + 0:0090 
Nickel . . | —0'024 — 1482 13802 | + 0°0073 + 0:0026 
Cobalt . . | -+- 00046 — 4073 10675 + 000154 — 000175 
Iron ... | + 00113 — 1412 10153 — 000156 — 0°00156 
Steel... | + 070175 — 952 26600 — 0'00060 — 0'00062 
Copper —o0'00052| + 275 1686 | —0'000073 | — 07000084 
Zinc ... | —o'o0041| + 697 6211 — 0'000054 | — 0°000046 


The above agreement between the observed and cal- 
culated values of @ is very striking, and seems to point to 
some fundamental inter-relation between the quantities R, 0, @, 
and (). Moreau’s observed value of Q for cobalt was —o:00146. 

Hall and Campbell (47), 1911, investigated the relation 
between the above four effects in soft zron. The results are 


given in the table below. 


R 
Temperature ae ie 
0 o 
AOAC. + 686> 10 ° +958 10 ° 
40° 763 934 
60° 828 908 
80° 884 883 
100° prehos2 858 


Here the Moreau formula holds well for 80° C. Lack of 
better agreement may be due to the fact that all four of the 
effects were not determined in the same piece of metal. 

Voigt 5°), 1899, from pure thermodynamic considerations 
deduced the following relation between the Nernst and Hall 
effects: ae bat, o, 

. Q 
in which @ is the thermoelectric power of the metal, against 
lead probably, although Voigt does not state this fact. 

The following table, given by Moreau, shows that the 
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Q's of Voigt’s formula do not agree, either in magnitude or 
sign, with the observed values, as well as the Moreau Q’s do. 


Metal me oe Cite: 
4 Q 
ebismitth'ss... + 0°337 or + 0140 ++ 0'196 
-+ 0°246 

Antimony ...]| -—+0'0097 + o'0090 ++ 00094 

Nickell 44 oo: ++ 0°0039 + 0'0026 + 0°0073 
b COSTE acs ck — 0'00004 — 000175 + 000154 
ORTON = creme She + o'0018 — 0':00156 — 0°00156 
Poteeh <4. gs °.% + o-oo114 — 0'00062 — 000060 

Copipet-ncwn « — 0°000047 ~ — 0'000084 — 0'000073 
GA ere — 0000018 — 0'000046 — 0°000054 


From a prvore considerations, we should expect the 
Moreau relation to hold better than that of Voigt, since the 
Hall, Nernst, and Thomson effects are fundamental properties 
of metals, while the thermoelectric power of a metal is a 
relative property only. 


9. Corbino-Nernst Effect 

Corbino (76), 1911, observed that a metal disc, heated at 
the centre, tended to rotate in a magnetic field. This tendency 
seems to be due to a Nernst difference of potential set up 
in the plate, that causes an electric current to flow round in 
the plate. 

Corbino observed this effect in besmuth, antimony and 
telluriwm. 

Senepa (478), 1912, developed the following expression for 
the force MV, tending to rotate a metal disc heated at its centre 
or circumference, and placed in a transverse magnetic field: 

M=m (T, — T,) H?, in which (7, — T,) is the difference 
in temperature between the centre and circumference, / the 
- magnetic field strength, and 
d:-k.-U-S 


mM = 
lo be 
4 log x 
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where d is the thickness of the plate, S the area of the surface 
of the disc, » the radius of the inner circle at the constant 
lower temperature, 7 the radius of the outer circle at the 
higher temperature, / the thermal conductivity, and U a 
constant characteristic of the metal. 

His experiments with antimony and bismuth in fields 
from 1500 to 2000 gauss supported the theory. Calling U 
for bismuth 1, he found the constant for antimony to be 0054. 
The ratio of the Nernst effects in bismuth and antimony as 
determined by Nernst is about 0°05. 

For the metal disc Tieri’ 3°), 1915, substituted a hollow 
cylinder. The cylinder was heated by focussing the image of 
an electric arc lamp on the surface of the cylinder. Cylinders 
of bismuth, copper, silver and graphite were employed. 

The rotation effect in bismuth in the magnetic field was 
large, and about 939 times that in graphite. No appreciable 
effect was discovered in copper or silver. 


10. Nernst Effects 
The signs of the Nernst effects in these tables are given 
in accordance with the convention as stated on p. 214, and 
not that of Nernst, p. 213. 


Substance Temperature fal Q Observer 
Aluminium. . . — + 0000042 Unwin 
Room temp. | Ind. H — 0'000020 | Zahn and Schmidt 
Antimony ... BO (C.. * -++ 0'00887 Nernst 
18° ff +00176 Zahn 
44° 9130 + 0'0147 Barlow 
BISMaU Eee en — == Si Onb32 Nernst 
Age 10000 -oi84  — Barlow 
eee, Bid at. 18° 2660 + 07125 Zahn 
ae » 3930 EPR nLVAS) 5) 
26 Hid oo i 6290 + 0:234 - 
. tient re 8300 + 0'261 a 
eee we : 10570 01275 > 
27°5° 3025 - | + 0°0533 Lloyd 
% 5100 + 00888 55 
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Q. 


Substance Temperature A Observer 
Bismuth Gen << Pa 6100 +o1r2 Lloyd 
; 6750 + o'r21 2 
sy 8200 + 0'133 ne 
8925 ++ 0°136 é 
' 9925 + 0°136 - 
xe 1900 = 109 7 
» 3050 ++ 0°764 Z 
» 5625 ++ 0°648 » 
6950 ++ 0 642 : 
2 8900 +0613 4 
* 10425 = 0°552 * 
— 65° to 6500 +0517 % 
— 70° 
Birasateeny ion sox == — Negative Zahn 
Cadmium = — — 000012 Unwin 
Carbone aii ars — — (++ 00001) Nernst 
— = Not detected Zahn 
(Gaetan Se 60° 17000 to} + o'00010 Smith, A.W. 
18000 
KGobaltity 4s Room temp. — + 0'00224 Nernst 
: = + 0 00154 Ettingshausen 
and Nernst 
Lo. 6290 +- 0 0020 Zahn 
: * 10570 + 00018 ie 
60° 17000 to} -+ 0'00200 Smith, A.W. 
18000 
—— — — 0°00146 Moreau 
— = -+0'00078 ~ Unwin 
| Constanstan — — Not detected Zahn 
Copperk #- = . Room temp — — 0'000090 Nernst 
” = — 0'000073 Ettingshausen 
and Nernst 
=- == — 0°00019 Unwin 
sits (C _ — 0'00027 Zahn 
German Silver . a oe Not detected <3 
Heusler Alloy . 55. 3400 + 0':00057 | Zahn and Schmidt 
5100 ++ 0'00048 ‘3 
inclines 6a, Ind. H | -+ 0000032 | Smith, A. W. 
Iridium, T.7. : — _ — 0°000005 Zahn 
epee. —- — > — 0'000002 . 
ROD eae tee, roid -- — — 0°00156 Nernst 
48° 10800 — 0'00087 Campbell 
eas al, 6200 — 0'00105 Zahn 
a1 5550 — 0'000860 | Halland Campbell 
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Substance Temperature dak Q Observer 
lyons Reweee es: 60° 5500 — 0'000980 | Hall and Campbell 
60° 17000 to|_ —o'000810 | Smith, A.W. 
18000 
> = — 0°00095 Unwin 
== — — 0 000646 Moreau 
IEG |e Ae ones — — —0'000005 (?) Nernst 
| Lithium 60° Ind. H | ++ o-000160 | Smith, A.W. 
Manganese. . . = — + o'o00015 | Zahn andSchmidt 
Molybdenum. . 60° Ind. H | —o‘000172 | Smith, A.W. 
iMonelite pasa: 56° 1500 + 0°323 sy 
Nichrome rey" 2500 + 0:0708 me 
Nick liens 56° —_ + 000861 Nernst 
= — + 00073 Ettingshausen 
and Nernst 
Nickel, 25. - Bee 10620 -- 0'0013 Zahn 
Sp Lleehee ass. 3 6290 + 0'00355 9 j 
27° ==5 + 0'00525 Smith, A.W. 
ep 1700 + 0:0038 Moreau 
5 13800 -- o'0015 3 
ore = -+ 0'0010 Unwin 
Palladium I,. . = _ -++ 0000127 Zahn 
Sine ag a — + 0°000051 9 
Platinium —_ — Not detected a 
Silicon paar 47°4°C. 5800 + 0:0333 Gottstein 
ATO 5000 + 0'029 ” 
teil freee te 50° — + 0'020 Buckley 
acl 00” — + o016 > 
nl ed ho ge BOL — + 00113 * 
Silver aaeaeer — = — 0°000046 Nernst 
—= — — 0'00043 Zahn 
= = — 0'00018 Unwin 
Steellpen aa = = — 0'000706 Nernst 
55°C = _— 000166 Zahn 
ep (SSD) cos —— — — 0:000596 Moreau 
Wantaltimes eae 60° 1 Ind.H | -++- 0000098 | Smith, A.W. 
Tellurium Bau 3000 + 0°36 Lloyd 
45°8° 4340 + 0'287 Wold 
(Rhalliim ee 60° Ind. H — 0'000037 | Smith, A.W. 
Tiny 5 eae — = — 0'000004 (?) Nernst 
Tungsten. . . 60° Ind H — 0'00100 Smith, A. W. 
LAD Ce eter, foo ce = == — 0000054 Nernst 
= = — 0'000240 Zahn 
— — ~— 0'000073 


Unwin 
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CHAPTER XIII 
THE RIGHI-LEDUC EFFECT: TRANSVERSE 
THERMOMAGNETIC TEMPERATURE DIFFERENCE 


1. Historical and General 

In their thermomagnetic investigations, Ettingshausen and 
Nernst \'77), 1886, endeavored to find out whether the electro- 
motive force, set up by the magnetic field at the edges of 
a plate carrying a heat current, was a thermoelectric one. 
They replaced the copper lead wires at the edges of the 
plate with copper-German silver thermocouples, but failed to 
detect any change in temperature. 

In 1887, Righi “47), and Leduc ‘*), independently and 
practically simultaneously, discovered that the magnetic field did 
produce a change in temper- 
ature at the edges of a plate 
through which a heat current 
was flowing. 

Righi (+47), 1887, measured 


the change in temperature pro- 
duced in a plate of bismuth by 
the magnetic field at three points, a, 0, ¢, in the plate P, Fig. 112. 

The following table gives the results of his measurements. 


Bion Lia 


No Magnetic Field Field as in Fig. 112 Field Reversed 
t, | ty | ts ty | ty | ts ty | ty | ts 
grog” C. | 9°617°| 9°067°|| 897° | 9°575°] 9°063°] 8:985°] 9°54° | 8:90° 


When the magnetic field was on, as in Fig. 112, the 
point a@ was cooled, and when the field was reversed the 
point ¢ was cooled. That is, the isothermal lines were 
rotated. 

Leduc 6"8), 1887, while studying the effect of the magnetic 
field on the thermal conductivity of bismuth, also found that 
the isothermals of the plate were rotated. 
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Leduc used a plate of bismuth 20 cm. long, 4 cm. wide, 
and o'3 cm. thick. One end was placed in a steam bath, S, 
Fig. 113. 

A thermo-couple, ¢, at the edge of the plate 4, indicated 
a change in temperature at that point, when the magnetic 


‘Fig. inlegy 


eld H was put on. The change in temperature had the 
opposite sign when the field was reversed. 

Ettingshausen “7, 1888, confirmed the results of Righi 
and of Leduc. In a field of gooo gauss he noted a difference 
in temperature at the edges of a plate of bismuth of 1/,° C. 

Van Everdingen (2), 1898, seems to have been the first 
to show from experimental results, that the Righi-Leduc 
temperature difference is  pro- 
portional to the field strength and 
to the temperature gradient. 

The table below gives the 
results of his measurements, made 
by means of three pairs of thermal 
couples fastened to the edges of 

Fig. 114. the bismuth plate, opposite B, A, 
and O, Fig. 114. The ends of the 
bismuth plate were fastened to copper tubes S, 7, through 


one of which passed steam, while cold water ran through 
the other. 


The change in temperature at the edges of the plate, 
when the magnetic field was put on, was found to take place 
gradually, as in the case of the Ettingshausen effect. 


Since the difference in temperature produced by the 
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Righi-Leduc Effect in Bismuth 
B A C 
at dt at 
EF. =a 2Ro C Sie 0 ey 
aa Gao me 
1350 AT=— 006° /\T=— 004° — 
| 2730 ora" COO Ae OO” 
4800 o'18° o'14° 0'06° 
6100 ORR o'16° 007° 


magnetic field-is proportional to the field strength H, the 


temperature gradient, am and the width of the plate b, we 
td 
fae AT =S-H-bo, « SAT HOS, 


in which S is the coefficient of the Righi-Leduc effect. Sub- 
stituting one set of values from above table, we have 
== —_ O16 — 01005. F105 so 14 = = 163 >< 10-& 

This means that the lower edge of a lismuth plate, 

Fig.114, 1 em. wide, is cooled 1°63 = 107® of a degree by a 

unit magnetic field, when the temperature gradient is unity. 


2. Sign of the Righi-Leduc Effect 
The Righi-Leduc effect is said to be posdtive, as in vron, 
when, in going from the entrance of the heat current, F, 


Fig. 116. 


Fig. 115, to the warmer edge of the plate, B, the passage 
is in the same direction as the magnet current, H. In other 
words, the effect is said to be positive, when the isothermal, 
AB, is rotated in the direction of the magnetizing current /. 
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On the other hand, the effect is said to be negative, as 
in bismuth, when the passage from the entrance fF, Fig. 116, 
to the warmer edge of the plate, A, is opposed to the di- 
rection of the magnetizing current, H. 

The change in temperature at the edges of the plate is 
usually determined by means of thermo-couples, ¢, ¢, as in- 
dicated in Figs. 115 and 116. 


3. Angle of Rotation of the Isothermal Line 
If the distance AC, through which one end of the isothermal 
line AB, Fig. 115, is moved by the magnetic field, is called z, 
then the tangent of the angle of rotation d is given by the 
relation: 20 
tan d = 7-2 


in which } is the width of the plate. 


ems ON; 
= aly 
Hence tand=AT—~b— = 8-H. 


The tangent of the angle of rotation then depends di- 
rectly on the difference of temperature at the edges, and 
indirectly on the width and temperature gradient of the plate. 

Under the Hall effect, p. 12, we saw that the angle of 
rotation of the equipotential line is given by the equation, 

tan ® = RoH. 

The following table according to Zahn ™), 1908, gives the 
values of d and @ for several metals, when H = 10,000 gauss. 


Rotation of Equipotentials and Isothermals 


Metal p ad Metal Pp d 
Tess. & WHE a8: = oT Oil eb eee e —0'6’ —o7 
Shs cof eee sso |) Sono IPG... . —1'0 —o'9’ 
Steel . | + 20'to6’| +24’ Gua — 89 —7'9 
Me, . 5 tee + 13’ INGE a — 18’ — 14’ 
Co ea a7 + 38’ INGie ao — 20’ —11' 

| Zar Seen et= O24 +44’ Bite ll 2 4083 0elt——tr ano, 
ben, oh Sar +137’ 
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The above values for the ferromagnetic metals are those for 
weak fields. 

The angles @ and d agree fairly well in magnitude for 
all the above metals, except for bismuth, which exhibits many 
abnormalities in all the effects herein treated. In all cases 
the corresponding angles have the same sign, and the Hall 
and Righi-Leduc effects have the same sign, except in some 
specimens of bismuth, in which the effect changes sign with 
field and temperature. 


4. Correction of the Righi-Leduc Effect for Thermal Conductivity 
The Righi-Leduc equation, 


A _: at 
S=AT+Hb—, 
may be written See ae 


where /; is the thermal conductivity of the metal, d the 


thickness of the plate, and A is equal to nba st, or the 
quantity of heat flowing through the plate. 

Evidently some of the heat will be lost at the edges of 
the plate to the surrounding material, and, as Zahn 99) has 
pointed out, a correction must be made for this loss. The 
correction factor is similar to that used for the correction of 
the Ettingshausen effect, 2 149: 

Son. = {5 B 5 a Ar Hoe. 

Zahn applied this correction in the case of antimony, 

with the following results: 


Antimony | S uncorrected | SS corrceted 
I I 
Pipigtein.” +. 2. | io 5< 10 = | Boy it Se akey | 
ie ee | slg | 1984 


| uz 


In the case of the first plate the correction factor is 
1'104, while in the second it is 1039. Hence, unless a cor- 
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rection is made for heat loss, the value of the Righi-Leduc 


effect may be from 4% to 10% too small. 


5. Relation between the Righi-Leduc and Hall Effects 
If we suppose that the Righi-Leduc isothermal and the 
Hall equipotential lines are rotated by the magnetic field 
through the same angle, we shall have 
tan d=AS 7H = tan O =! ho. 


Hence S = oR, where o is the electrical conductivity of 


the metal. 

The table below shows that this relation holds only 

approximately. 

Metal GS Ke? Tiel O= oR >< 108 Si LO 
Nickel .. 12 — 100 — 126 —44. | 
Silweceeaee 62 10 55 ee ir | 
Palladium By ==10 =a ard 
Copper we 58 —4 — 23 — 18 
Platinum. 7 — 13 —I —2 | 
Iridium. . 1235 + 38 5 +5 | 
TESS 3 ae 17 +10 . +17 + 13 
Cobaliqer 10 + 16 + 16 + 13 
Prone. 6°7 -- 110 +74 + 39 

| Antimony 23 ++ 2000 ++ 460 -L 200 
Tellurium 0°00078 -++ 6000000 + 468 -++ 400 


Konigsberger and Gottstein (97), 1915, have shown that 
according to the theory of Gans °°), the following relation 
should hold: — ya 


where FR; is the isothermal Hall effect, and 7 is the specific 
resistance of the metal. 


6. Variation of the Righi-Leduc Effect with Magnetic Field and Temperature 

Senepa “79), 1913, measured the Righi-Leduc effect 
in bismuth in fields from 600 to 1200 gauss. The mean 
temperature was 433° C. The results dre. plotted ~in 
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Fig. 117. The effect is independent of the field up to about 
* 1000 gauss. 

The curves in Fig. 118 give the variation of the Righi- 
Leduc effect in tron, nickel and cobalt, according to the 
measurements of Smith and Smith “97), rors. 

The effect in each metal was found proportional to the 
magnetization, and approached a saturation value. 


\ | 10000 | 20000 | 30000 


‘600 800 1000 ~=—«1200 H 
Sakee Si tr Fig. 118. 

Zahn ‘°9), 1904, found that in bismuth the Righi-Leduc 
effect had a small positive temperature coefficient. 

Hall and Campbell (#47), 1911, determined the Righi-Leduc 
effect in soft zrom at two mean temperatures, with the fol- 

“Slowing result: 
Righi-Ledue Effect in Iron 


s | 


| Metal Et | Temperature | 

pov 

| lb Wcrals Weeue cane 5600 0.6m Ce +568><10 ' 
5500 60°2 + 6°32 


In this case the effect increases with temperature, and 

.» the temperature coefficient is + 0°0038. 
wF", The following table gives the Righi-Leduc effect in ¢el- 
lurium, as determined by Wold 4), 1916, at 114°C. 
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Righi-Ledue Effect in Tellurium 


H S | H s 
3,120 +65>< 10 ° | 8,920 +65 >< 10. ° 
| 6,390 5 sets 10,700 SKN ee) 
| 7,750 O23ney 


The effect is practically independent of the field. 


7. The Righi-Leduc Effect in Alloys 

Smith and Smith (497), 1915, determined the Righi-Leduc 
effect in bismuth-antimony, and in antimony-xinc alloys, in 
magnetic fields of about 11,000 gauss, and at temperatures 
at the middle of the plates between 50° and 60° C. 

The results are given in the tables below. It will be 
seen that the addition of antimony to bismuth decreased the 
effect, but not so rapidly as called for by the additive law. 
According to this law, since the effect is negative in bismuth 
and positive in antimony, the effect in the alloy should be 
zero when the antimony content is 61%. The effect, however, 


Righi- Leduc Effect in Bismuth- Antimony Alloys 


Bi % Sb % ial S>< 108|| Bi % Sb % 10 
100 O 10,900 | — 405 || 39 61 12,000 
QI 9 10,800 | — 375 30 70 11,100 
ZO" Sense, 11,000 | — 354 20 80 10,800 
| 60 | > Zo A —.195 10 90 12,060 
| 50 50 |e 0 | 100 11,000 


Righi- Leduc Effect in Antimony -Zine Alloys. 


Sb % Zn % HA S >< 108|| Sb % Zn % H S >< 108 

100 0 11,000 | + 262 50 50 10,900 8°50 
90 10 10,900 42°7 40 60 = 60°77 
84 16 x 32'0 30 70 Fe 8:40 
80 20 5 27°5 16 84 e 660% ts 
70 30 ; 20°9 ) 100 3 124 3 7 
60 40 a 9'08 
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becomes zero only after the percentage of antimony has 
reached about 67. 

In the antimony-xine alloys the effect falls off very rap- 
idly at first, then slowly falls to a minimum, and is followed 


by a slight increase. 


8. Theories of the Righi-Leduc Effect 
The expression for the Righi-Leduc effect according to 
the dualistic theory of Riecke 45%), 1898, is: 
AT= UpUn (Wp— Wn) Ay ut : 
Vp Wn + UnWp dl 
According to this equation the effect depends on the 
translatory and vibratory velocities of the positive and negative 


particles. 
According to Drude ‘*49), 1900, the effect is given by the 
€ Upn (Np — Nn) wpe! . 

€ (Up Np + Pn Nn) dl 

in which the effect depends on the translatory velocities of 
the two kinds of particles, and upon the number of the 


equation, 


ae 


particles per unit volume. 
In 1906 Riecke (#49) deduced this expression for the Righi- 


Leduc effect: 
Sse 


€ V,l, —,1, 

d log n; Nz tira ky 
8 (: +4 pe) 
in which the letters have the same significance as in the 
Ettingshausen effect, p. 151. 

From the expressions deduced by Riecke “4° in 1906, 
the following relation is obtained for the Hall, Ettingshausen, 
Nernst, and Righi-Leduc effects: 

2 2 y2 
a aregss katy 
in which the factors have their usual significance. 

The expression developed for the Righi-Leduc effect by 
Livéns 69), 1915, based on the unitary free electron theory, 


is as follows: 
16 
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3° 4 Sees 
dO Wage (7S oS 10) Oe si a ifge 
ie 8 8(S+1) r(2+2) me dy 


in which the terms have the same significance as in the ex- 
pression for the Hall and other effects deduced by Livens. 

In the above expression the sign of the effect cannot 
change with the magnitude of S. Hence the sign of the 
- Righi-Leduc would seem not to depend on the magnitude 
of the force acting between the electrons and atoms, since S 
is proportional to this force. 

With the exception of the erratic metal bismuth, in which 
the two effects may be either positive or negative, the Righi- 
Leduc and the Hall effects have the same sign in all metals 
thus far examined. This implies that the isothermal and 
equipotential lines are rotated in the same direction by the 
magnetic field, and points to the same fundamental influence 
exerted by a magnetic field on the movement of electrons 
and atoms, both when they are carriers of a heat and an 
electric current. 

Unwin ‘5'»), 1920, determined the Hall, Ettingshausen, 
Nernst, and Righi-Leduc effects in the same specimens of 
Ag, Al, Cd, Co, Cu, Fe, Ni, and Zn, and found that the ratios 
> 
S, ie and = were of the same order of magnitude for 
all of the eight metals. 


Right -Leduc LHifects 


Substance Temperature Jab S Observer 
Aluminium... — a= —0o'62><10_' Unwir 
Antimony ... ALG: 0,130 salt 210m Barlow 

18° Ind.H |+ 2°01 , Zahn 
GOrpe 11,000 |-+ 2°62 _,, Smith and Smith 
Bismuth I... 42° 10,000° |+1rr, Barlow 

Poet eae ic _ — Negative a8 

ee ray: 18° 3,930 |—2°05>x<I0 ° Zahn 

" Seereas — 6,290 |—1'12 , i 


” ee Cp © FO aa 8,300 = OS ” . ” 
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Substance Temperature H S Observer 
Bismuth I... —- 10,570 |—o'19><I0 © Zahn 
” FRO 4182: A 6,290 sy 1°74 ” ” 
| ” 7; 8,300 + 1°82 ” ” 
eatery = 9,380 |+ 1°86, i 
” 5). ar Aber S =i 10,570 -- 1°92 ” ” 
Bismuth = =. eae 6,100 — 16 ik Everdingen 
agi3° 300 to |—2°30 , Senepa 
1,200 
520 10,900 |—4'05 , Smith and Smith 
Cadmium... . 60°5° 12,2006 = 1e< 10! Ay 
= = = O1SOu 5 Unwin 
Cobalé-o'os = T0570 73) 76 Zahn 
Bae 11,800 |+ 64 ; Smith and Smith 
ae + I'l Unwin 
mCopper bk s,< — tndegkt | Tk wae Zahn 
prety = ) Se Oa eae ” 
= == = RN a Unwin 
Heusler Alloy . — _ Positive Zahn and Schmidt 
Iridium I... . _ — ek Om Zahn 
” 10 ne Was a +41 ” ” 
Iron (soft)... 48°C 7,300 |-+6:08><10 7 Campbell 
pee ae a Ga 44° 6,500 |+ 4°29 , Hall andCampbell 
ee 60°2° 5500) ct O92 re, 2 
| — 6,290 |}+3°9 , Zahn 
,, (electrolytic) 56°0° 11,900 |-+ 3°92 , Smith and Smith 
= == + 52 ; Unwin 
Stelios os. — — +687 , Zahn 
Molybdenum. . Sere 12,300 |-+ 1°75 , *)|Smith and Smith 
| Nickel (electrolytic) — 10,620 |—2°0 S Zahn 
6,290 Sep) ” ” 
Oe 10,880 |—615 »y Smith and Smith 
—- — —25 Unwin 
| Nichrome .. . Oe 10,800 |+ 388 , Smith and Smith 
| Palladium 1. . = — —33><10 ® Zahn 
. Lees. = = —18 ; a 
Platinum ge. = aa = i ; 
PeSthcon *.-<0" EO” — eas “ Buckley 
47°8° 5.000" )i-hi2*s o<o10 7 Gottstein 
47°4° 5,800 |+ 2°97 y » 
= a +32 x Kénigsberger 
and Gottstein 
Sitverao.... > = — — 4°04 Zahn 
a S200 an 27 ee Unwin 
Tellurium 30° to 38° 770) tee Ome Lloyd 
114° 12,200 = t073) PS, Wold 
Tangsten, ..; . 58°6° 10,900 |-+1'°5><10 ‘| Smith and Smith 
ATIC MSS So os vs) 58°5 ue ad == 1°24 ” ” 
al a +1290 , Zahn 
ae? = + Th a Unwin 


+ *) In a letter to the author, April 25, 1921, the observers state 
that the sign of S in molybdenum should be positive, and not negative 
as printed in the original paper (497). 


nO 
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CHAPTER XIV 


1. Thermomagnetic Longitudinal Potential-Difference 
Ettingshausen and Nernst ‘7*), 1886, discovered that a 
transverse magnetic field set up a longitudinal electromotive 
force in a plate of bismuth, one end of which was hot and 
the other cold. The effect seemed to vary with the square 
. of the magnetic field strength 
and with the temperature gra- 


dient, but was independent of 
Cold “ ; 
i—> the dimensions of the plate. 

If, in Fig. 119, d is the distance 
between the points # and F, 
Fig. 110. the difference of whose poten- 
tial AH is sought, then the 


coefficient of the longitudinal potential difference is given by 


th tion, AH 
e equation pene, OPS _ 
2, a oe 
get dl 
dt. : 
where a 8 the temperature gradient. 
The above equation may be written 
TST; 
hle= an A? (t,—1t,) ) 


where ¢, and ¢, are respectively the temperatures at the points 
E and F. 

In the above equation the effect is said to be posztive 
if the longitudinal E.M.F. would send an electric current in 
the same direction as the heat current. 

Nernst (387), 1887, detected this longitudinal E. M. F. in 
several specimens of bismuth. In No.I the effect was positive, 
in No. III negative, while in No. II the effect was negative 
when (f,—¢,) was 181°, and positive when (¢,--¢,) was 
BO 208. 

The following table gives the values of the effect in 
plate No. I. 
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ANE iy 
2826 600 -++ 0'0005147 nt, ) == 146° CG. 
6090 1860 ++ 0°0003435 Mean temp. 
11490 4420 ++ 0°0002293 about 10° C. 
6120 17350 | +.0°0001653 (é — 4) == 28° C. 
T1580 509000 | -+0'0001149 | Mean temp. about 30°C. 


From the above results, it is seen that the coefficient 
of the effect, LZ, decreases for higher fields and for higher 
mean temperature. Nernst sought in vain for the effect in 
antimony, silver, xine, and German silver. In alloys of bis- 
muth containing 1° and 3% of tim, the effect was positive, 
and larger in the specimen that had a content of 1% tin. 

Ettingshausen %), 1887, found that the direction of the 
thermomagnetic longitudinal E. M. F. in very pure bdbismath 
depended upon the mean temperature of the portion of the 
plate examined. In a field of 9500 gauss the longitudinal 
E. M. F. between two points on the plate at 99° and 56°C. 
was 39 microvolts, and negative. Between two points at 56° 
and 36° C. the E.M.F. was 40 microvolts, and positive. 
Between points at 36° and 24°C., and between points at 
24° and 20°-C., the effect was positive. 

Ettingshausen obtained the same E.M.F. with copper as 
with German silver electrodes against the bismuth plate. Since 
the thermoelectric powers of Bi-Cu und Bi-German silver are 
to each other as 6:5, the magnetic field must exert the same 
change in the two combinations of metals. Grimaldi ‘3, 
1887, remarked that the thermomagnetic longitudinal po- 
tential difference was due to the change in the thermal con- 
ductivity and in the thermo-electric power produced by the 
magnetic field. 

Defregger (4, 1897, attached both copper and bismuth 
leads to the bismuth plate in which he sought to measure 
the longitudinal E.M. F. In the table below are given the 
mean galvanometer deflections, which are proportional to the 
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E.M.F.’s. The effect was found proportional to the first 
power of the field. 


Copper Leads Bismuth Leads 
Jak Deflection Difference Deflection Difference 
ie) 97°2 150 
: 2.6 
+ 113,500 110°6 \ 1s 17°6 } | 
0 98'0 \ 19°2 | 148 \ 3.2 
— 11,500 T1722 | 180 


According to the above, the nature of the leads from 
the plate exerts a profound influence on the magnitude of 
the measured effect. 

Van Everdingen ‘*?), 1899, determined the longitudinal 
thermomagnetic E. M. F. in electrolytic bismuth in terms of 
the increase in the thermoelectric power of bismuth against 
the copper leads in the magnetic field. The results are 
given below. 


Per cent. Increase in Thermo-E. M. F. 
‘Rota Observed | Calculated 
2000 1°84 181 
3000 3155) 3°52 
4000 5°52 Sean! 
5000 7°63 7°67 
6000 10°00 9°98 


The values in the last column are calculated from an 
empirical formula derived by Everdingen: 
C, H? 
1+, |H?’ 


in which # is in kilogauss. 


. The effect was found to vary with the field strength in 
the same way that the resistance varied. 

Lownds ‘343), 1901, measured the thermomagnetic longi- 
tudinal E.M. F. in a bismuth wire, whose ends were suc- 
cessively at temperatures ranging from that of boiling water 
to that of liquid air. The longitudinal E.M.F. was found by 
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a null compensation method. First the electromotive force, 
4, was found when no magnetic field was on, then EH, when 
the field was on, 2; when the field was reversed, and finally 
#,, when the field was taken off. Then the longitudinal 
E. M. F. set up by the magnetic field is 

_ (y+ 3) — (B+ By), 


< 


a 


The curves in Fig. 120 represent the variation of the 


n 
42 Bismuth alg 


Fig. 120. 


effect with field strength and with temperature. The E. M.F. 


per 1° difference in temperature is given by m= , where 


fy — by 
4, and ¢, are the temperatures of the junctions of the leads. 

Lownds’ convention for the sign of the effect is just 
opposite to that of Nernst, p. 244. 

The curves I, III, V give the change in the effect in a 
bismuth plate at different temperatures, while curves II and IV 
‘represent the variation of the effect in bismuth wire. In every 
case the effect falls off in higher fields, and in two cases 


reverses sign. 
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Lownds (44), rgo01, also measured the longitudinal thermo- 
magnetic E.M.F. in a crystal of bismuth, so cut that the 
principal axis was in the plane of the plate and parallel to 


Rican 


Moreau (374), 


“magnetic E. M.F. in nickel, soft iron, and soft steel. 


its length. The longitudinal 
effect was measured. both when 
the flow of heat was parallel 
and when perpendicular to the 
principal axis. In the neigh- 
borhood of 5° C. the effect 
was positive when the heat 
flow was parallel to the prin- 
cipal axis, and negative when 
perpendicular to the axis. At 
about — 95°C. the effect for 
each type of flow of heat was 


negative. 


1901, measurd the longitudinal thermo- 


The 


pieces of metal were bent into a U-shape, and inverted as 


indicated in Fig. r2:. 
n 
=f 4,5 


0.5, 


0.5 


—4S 


The ends of the plates, PP, dipped 


12000 


II. ~ tron 
II. — Soft steel 
WYV._ Nickel 
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into mercury at BB. One branch of the plate was placed 
between the poles KE, FE, of an electromagnet. Thermocouples 
of copper and platinum were soldered to the plate at a and b. 

The plate was heated through a copper block A. The 
sign and magnitude of the effect depended on the temper- 
ature gradient, the mean temperature and the magnetic field, 
as shown by the curves in Fig. 122. In all cases the effect 
reaches a maximum, changes sign, and increases in higher 
fields. The ordinate x is the galvanometér deflection divided 
by the difference in temperature at a and b, Fig. 121. 

The sign for the effect employed by Moreau and Lownds 
is the opposite of Nernst’s convention, p. 244. 

Lloyd ‘33?), rg01, observed a longitudinal thermomagnetic 
E.M.F. in tellurvum. The warmer 
end of the plate was found to be 
at the higher potential. 

Barlow “4), 1903, studied the 
longitudinal thermomagnetic effect 
in antimony and bismuth. In-an- 
timony no appreciable effect could 
be detected. In bismuth the effect 
was observed both in a transverse 
and in a longitudinal magnetic field. 

Curve I, Fig. 123, gives the . 1000 -2000~=S—«3000 ey 


variation of the effect in a trans- Fig. 123. 
‘verse field, while curve II gives 
the change. in a longitudinal field. The latter effect is about 
one-half the former. ; 
Barlow’s convention for sign is opposite that of Nernst. 
Zahn 9), 1904, sought for the above effect in a number 
of metals, But found it only in bésmuth. In two plates, in 
fields from 2000 to 16,000 gauss, the E. M. F. was opposed 
to the direction of the heat current, while in a third plate it 
was in the direction of the current. The effect was approxim- 


ately proportional to the first power of the field strength. 
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Hall and Campbell (47), 1911, measured the effect in soft 
avon, and obtained these results. 


| H | Mean Temperature nLe | 
| 
2000 | APY AC ‘ern seroee | 
8200 | ” x. ; 83 ” | 
12000 | * 80 ¥ | 


The effect was found to be positive, according to Nernst’s 
convention. The effect decreased with rise in field strength, 
and seemed to approach a saturation value. 

Smith ¢9*);° 1913, measured 
the longitudinal thermomagnetic 
E. M. F. in bismuth, through a 
wide range in temperature. The 
potential gradient was opposed to 
the temperature gradient. The 
curve in Fig. 124 gives the varia- 
tion of the effect with temperature, 


in a field of 9600 gauss. The curve 


seems to indicate that the effect 
Da aia 240C disappears at the melting point 
Fig plZe of bismuth. 
The table below gives the coefficient L for bismuth as 
determined by several observers. 


| H Temperature L Observer 
9600 | 53° @. — o'102 Smith, A. W. 
11000 - — O'I00 Barlow 
6290 Pe AG. —O'lll Zahn 
9600 r — 0'128 Smith, A. W. 


The agreement above is unusual, since the effect was 
measured in different specimens of the metal. 

The following table gives the effect for graphite, de- 
termined by Smith (9), 
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H fr Sa S| val | USB Ko}: 
3300 + 65 15600 + 173 
| 5150 80 18400 193 
9300 121 20200 107 
12850 I51 


This increase in L with the increase in field strength is 
analogous to the increase in the resistance of graphite in the 
field, observed by Roberts (54), 

Smith also determined ZL for the alloy monel and for 
alloys of bismuth and antimony. In monel the effect was 
negative. The table below gives the values of Z for monel 
ee NE es 7, wis 15 Yo Fe; — Mn). 


} 
| les CO TiS eae | 10° 
3500 | — 484 13000 — 406 
| 5200 | 498 18500 B27 
| 9300 | 448 20000 306 | 


In the alloys of bismuth and antimony, ZL, as well as °* 
the thermoelectric height, passed through a maximum when 
the alloy contained 9% of antimony. 


2, Theory of the Longitudinal Thermomagnetic Potential-Difference 
General Considerations 

Grimaldi 3), 1887, attributed the longitudinal thermo- 
magnetic potential difference to the change in thermal con- 
ductivity and thermoelectric power of the metal in a magnetic 
field. A change in thermal conductivity would bring about 
a change of temperature at the points where the junctions 
are fastened to the plate, and a difference in thermo-electro- 
motive force would follow. 

Since the magnetic field changes the inherent thermo- 
electric power of the plate or the lead wire, a difference of 
potential will be set up. There seems to be good reason to 
believe that both of the above changes are concerned in the 


production of the longitudinal E. M. F. 
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Defregger 4), 1897, by the use of bismuth leads, seems 
to have proved that the effect in bismuth is not wholly due 
to changes in thermal conductivity and thermoelectric power. 
It may be, however, that the magnetic field sets up different 
changes in the bismuth-bismuth junctions at the two different 
temperatures at the points of contact. 

Lownds G43), rg01, claimed to have demonstrated that 
the longitudinal E. M. F., which he measured, was not due 
to an alteration in the thermoelectric power of the metal. 

Most investigators have assumed that this effect is due 
to the change in thermoelectric power in the magnetic field, 
and have computed their results from the relation 

n=/O= Oy— 9,, 


, as before, and @y the thermoelectric height 


where 2 = 


2 1 
in the field H, and ©, the thermoelectric height in zero field. 


If (as Lownds did) the E.M.F.’s are measured by a null 
compensation method, any error due to the Peltier effect is 
eliminated. And if the E. M. F. is measured before, when, 
and after the field is put on, and there is an algebraic dif- 
ference between the ‘‘ons” and “offs”, or (H, + H;) —(H, + #,), 
is not zero, then AZ is not wholly due to a change in| 
thermoelectric power, unless the metal resumes its original ) 
properties when the field is removed. 


3. Thermomagnetic Longitudinal Potential-Difference and Resistance 

Barlow “+4), 1903, developed a relation between the thermo- 
magnetic longitudinal potential difference and the change in 
resistance in a magnetic field in the following way. 

The longitudinal difference of potential, set up by a° 
magnetic field between two points at a distance d/ apart and 
whose difference in temperature is devs 

H=—ndt+(r—7)tdl, 
or Hc ne -dl+-(r—r,)eidl. 
If the heat and electric currents through the plate are 
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so adjusted in magnitude and direction that the galvano- 
magnetic and thermomagnetic E. M. F.’s are equal and opposite 
then =O, and we have 
nN OnE 
eke Mae: 
in which » is the longitudinal thermomagnetic effect, and 


y 


ry and 7) the specific electric resistances in and out of the 
dt 


magnetic field, 2 the current density in the plate, and dl 
dl 


the temperature gradient. 


CHAPTER XV 


THERMOMAGNETIC LONGITUDINAL TEMPERATURE 
DIFFERENCE 
1. Thermal Conductivity in a Magnetic Field 

A substance conducting a heat current, placed in a mag- 
netic field H, Fig. 125, exhibits a change in temperature at 
points D and HE, along the flow of heat. This effect is in 
reality a change in the thermal 
conductivity of the substance. 

The coefficient of the effect 
may be represented by 

iL = a A H, 

in which / is the distance between 
dt Fig. 125. 
D and #, and il is the temper- 
ature gradient. If ¢, and ?¢, are thé temperatures at D and H, 


Hot 


respectively, then, approximately, 
pla = AT H(t, —h,). 

Maggi (353), 1850, who employed Sénarmont's (477) method 
of melting wax on the plate, thought that the thermal con- 
ductivity of 77on was increased by the magnetic field along the 
equatorial direction and decreased along the axial direction. 

Holmgren (63), 1862, found no change in the thermal 
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conductivity of ¢ron in a magnetic field, and claimed that 
Maggi’s results were due to experimental error. 

Matteucci 6°), 1864, confirmed Holmgren’s observations; 
and Naccari and Bellati (383), 1877, who used thermo-couples 
as well as Sénarmont’s method, could detect no change in 
the conductivity in a magnetic field. 

Tomlinson (539), 1878, employed the method of Despretz, 
and found a change in the conductivity in éron and steel in 
a magnetic field. Tomlinson’s observations were not confirmed 
by Trowbridge and Penrose 5°), 1883. 

In 1886 Battelli 4% carried out a careful investigation, 
with the result that. longitudinal magnetization increased the 
thermal conductivity of trom about 02%, and a transversal 
magnetization reduced the conductivity about o04%, in a 
field of 1400 gauss. 

Righi 447), 1887, and Leduc (318), 1887, determined the 
change in thermal conductivity in bismuth by means of thermo- 
couples, and both found a decrease in the conductivity in a 
magnetic field. | 

Nernst (°7), 1887, could discover no change in the con- 
ductivity of besmuth in a magnetic field. In a copper bar 
heated at one end, the other end of which was in a field of 
5000 gauss, he noticed a fall in temperature in the field of 
from ‘2°-to-<3° G, This effect-varied jas the square of the 
field strength. Nernst did not think the thermal conductivity 
of the copper was altered by the field. In searching for a 
compensation for the cooling of the bar between the poles 
of the magnet, he found that on each side of the field the 
copper bar had increased in temperature to as much as 5° C. 
The same phenomenon occurred when the pole pieces were 
covered with lampblack or paper, to prevent reflection of 
the heat rays. Nernst also found that a thermometer held 
between the poles of the magnet showed a fall in temperature 
when the electromagnet was excited. Faraday 9%) had also 
noted a similar effect of a magnetic field on ar. 
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Aschkinass (9), 1903, observed a change in temperature 
in a copper plate placed in a magnetic field. The temperature 
sank at points of higher intensity and rose at points of lower 
intensity. The change in temperature was considered to be 
due in large measure to the change wrought in the temper- 
ature of the adjacent az by the field. 

Weiss and Piccard 477), 1918, observed that, in the 
neighborhood of the Curie point, a magnetic field produced 
a rise in temperature in n2ckel, as shown in the table below 
The Curie point for the nickel studied was 629°6° Abs. 


| 627°2° Abs: | 634°9° Abs. | 

Sa ae Re: ee Ree | 
10.050 0°564° 10,050 0°37° 
14,950 | 0742° 14,950 057° 


When the magnetic field was removed, a corresponding 
lowering in temperature followed. 

Ettingshausen (7), 1888, observed a decrease of 2 to 
5 % in the thermal conductivity of bismuth in a field of 
gooo gauss. The electrical conductivity in a similar field 
was found to decrease from 27 to 30%. 

Korda ‘3°°), 1899, noted a diminution in the thermal con- 
ductivity of an tron disk along the lines of force, while no 
change was observed perpendicular to the field. The decrease 
in conductivity was proportional to the square of the field. 

Van Everdingen “®, 1899, by means of thermo-couples 
measured the change in thermal conductivity in b¢smuth in 
a transverse magnetic field of 6000 gauss, with the result 
that the ratio of the conductivity without the field to that 
within the field was found to be 1'058. Leduc’s (I. c.) ratio 
for a field of 7800 gauss was 1°057, while that of Ettings- 
hausen (l.c.) was 1°021 for 9000 gauss. 

» Schweitzer (474), 1900, found that the decrease in thermal 
conductivity in 70 was nearly proportional to the first power 
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of the magnetization. He employed the Sénarmont method, 
which seems subject to large experimental errors. 
| Lloyd 632), rgor, detected a decrease of 10°/) in the 
thermal conductivity of ¢ellwriwm in a field of 4700 gauss. 

Blyth 73), 1903, by means of thermo-couples measured 
the change in thermal conductivity in bzsmth, mild steel, 
and soft tron. For bismuth the decrease in conductivity was 
less than 1/, °/) in a transverse field of 3500 gauss. For mild 
steel the decrease was 3°3% in a transverse field of 7500 gauss. 
In a longitudinal field of 51 gauss the decrease was 4 °/,. For 
iron in a transverse field of 7850 gauss the decrease was 
about 1 °/,; while in a longitudinal field of 16,000 magnetic 
induction the diminution was 10°5 °/o. 

Lafay (3°5), 1903, detected what he termed an appreciable 
diminution in the thermal conductivity in zvom both in a 
transverse and longitudinal field. Lownds %45), 1903, measured 
the change in thermal conductivity in a plate of bismuth, 
16 cm. long, cut parallel to its principal axis. The plate was 
_ too small to use the thermo-couple method. A modification 
of the Sénarmont method was employed. The plate was 
covered with elaidic acid, as suggested by Voigt 59). The 
plate was heated by a long, heavy, pointed copper wire. The 
point was placed at the centre of the plate. The isothermal 
curves formed on the plate by the melting of the wax were 
ellipses, whose major axes were perpendicular to the crystallo- 
graphic axis, both when the plate was in and out of the transverse 
magnetic field, showing that the thermal conductivity was 
greater perpendicular to the axis. The conductivity was 
proportional to the squares of the axes. The following table 


H Ratio of Axes Ratio of Thermal Ratio of Electrical 
of Ellipse Conductivity Conductivity 
6) —= = I'I9 Tee SoS es 


| 
| 4980 a et cos 1°80 Toca 
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gives the ratios of the thermal and electrical conductivities in 
the two directions, without and within the magnetic field. 

Schmaltz (7°), 1905, employed Réntgen’s (+55) modification 
of Sénarmont’s method, and found that in a transverse field 
of about 1200 gauss the thermal conductivity of nickel suffered 
a decrease of nearly 5 °/, in the axial direction, as compared 
with the equatorial. According to Bordoni &), 1910, the 
magnetic field reduced the thermal conductivity of trom more 
than that of steel. 

Hall and Campbell °47), 1911, found that a transverse 
magnetic field apparently decreased the longitudinal temper- 
ature-gradient in soft ¢roz. 

Wold 4), 1916, measured the thermal conductivity of 
telluriwm by the King method, both in and out of the magnetic 
field. In a field of 6650 gauss the decrease in conductivity 
was 19 °/,. If we substitute this value in the equation 

Ak 
k 
we shall have A= 43 >< 1075 


= A H?, 


Lloyd’s (I.c.) observations gave 
A=45> 1078, for telluriwm. 


2. Theory of the Change of Thermal Conductivity in a Magnetic Field. 


Since the change in the thermal conductivity of a metal 
in a magnetic field is not reversed on the reversal of the 
field, the effect should vary as the square of the field strength, 
and in general the éffect would be represented by the equation, 

£&k 

k 

where Ak is the change in conductivity, & the conductivity 
in zero field, H the field strength, and A a constant depending 


= AH, 


on the metal. 
Experimentally it has been found that this equation agrees 
approximately with the observed results, in most cases. 
Livens (329), 1915, starting with the usual assumptions of the 


17 
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free electron theory, deduced the following expression for the 
change of thermal conductivity in a transverse magnetic field: 


rts) G-s)G+s)/TG+s) 


Vv? In? (x :) ura 
a4 ! s : 
ao Ursa) G+) GR 


S 

The quantities above have their usual significance, while 

eH 
‘Se eme 

mC Ak 
According to the above expression, ae should always 
have a positive value, no matter what value S may have; 
that is, the thermal conductivity off all substances should 
increase in the magnetic field. 

As already seen in the foregoing pages, the change in 
thermal conductivity in the few metals thus far examined has 
been a decrease. 

Livens thinks that this lack of agreement of sign may be 
accounted for by remembering that the effective field inside 
the metal is made up of the impressed field and a local field 
set up by the molecules or molecular groups, and that in some 
cases this local field may reverse the sign of the effective 
field. The effect has been measured only in the ferromagnetic 
metals, dron and nickel, and in the complex and extraordinary 
metals bismuth and telluriwm, in which the local field may 
play a major part. It remains to be seen whether such metals 
as gold, silver and copper will give the sign called for by 
Livens’ equation. 


CHAPTER XVI 
1. Influence of Magnetism on Thermoelectric Power of Metals. 
Since the influence of magnetism on the thermoelectric 
power of metals has a direct or indirect bearing on the several 
effects already treated, it seems worth while to give an outline 
of the work already done on this subject. 


eS] 
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In 1856 Sir Wm. Thomson (33) observed that magnetism 
changed the thermoelectric property of a metal. He found 
that in a couple made of magnetized and unmagnetized z7on, 
a current of electricity flowed through the hot junction 
from unmagnetized to magnetized iron, when magnetized 
longitudinally. 

When the ¢von was magnetized transversally the thermo- 
electric current flowed in the opposite direction. 

In the case of longitudinally magnetized nickel the thermo- 
E.M. F. was in the opposite direction to that set up in 
longitudinally magnetized ron. The behavior of nickel in a 
transverse field seems not to have been determined by Thomson. 

Strouhal and Barus %"), 1881, measured the change in 
thermo-electric power of magnetized and unmagnetized iron 

against copper, with the following results: 


Metal | t, | t, | E.M.F. 


| 
| Iron Gaines 1: oe | OPER Se | 00205 | S20 Oma 
| 


Iron (unmag.) .. 


” ” 


The magnetization thus increased the thermoelectric 
power of iron with respect to copper. 

Ewing “9, 1886, observed a variation of the thermo- 
- electric power of zron under stress, both when magnetized 
and not magnetized. The variation exhibited hysteresis similar 
to that of the magnetic properties of iron. Ewing, however, 
attributed the change in thermo-E. M.F., not to magnetization, 
but to an irreversible change in molecular structure brought 
about by the stress. 

Grimaldi @22), 1887, examined the behavior of a bismuth- 
copper thermo-couple in a transverse magnetic field. Commercial 
bismuth showed a decrease in the thermo-E.M.F., while pure 
bismuth exhibited an increase. In longitudinal fields the 
change in thermo-E. M.F. had the same sign as in transverse 


fields, but was smaller. 


gps 
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If E, is the thermo-E.M.F. in zero field, and /# that in 
the magnetic field, then the ratio of change is 


ge E | 


o e 

For impure bismuth then 0 was positive, while for the 
pure metal 0 was negative. 

Bachmetjew (3), 1891, found that magnetization of zon 
and nickel produced changes in their thermoelectric properties 
similar to those brought about by elongation of the metal 
wires. He attributed the change in property when magnetized 
to the elongation due to magnetization, and not to magnet- 
ization per se. 

According to Chassagny (15), 1893, a longitudinal field 
increased the thermo-E.M.F. of an tron-copper couple to a 
maximum at 55 gauss; the E.M.F. then decreased in higher 
fields, up to 200 gauss. 

The thermoelectric power of 2von and nickel in a magnetic 
field was investigated by Battelli 47) in 1893. 

In a transverse magnetic field the thermo-E. M. F. of 
tron-copper couple was found to increase in fields up to 
15,000 gauss, and then approached saturation. The increase 
was greater at higher temperatures. In a longitudinal field 
the Fe-Cu couple in fields up to 18,000 gauss exhibited an 
increase in thermo-E.M.F. similar to that found in the 
transverse field. 

The thermo-E.M.F. of a nickel-copper couple increased 
in a transverse field up to 12,000 gauss, reached a maximum, 
and then fell off slightly. In longitudinal fields up to 
12,500 gauss the E.M.F. of a N-Cwu couple increased and 
approached saturation. 

In both transverse and longitudinal fields a couple of 
Fe (mag.) VS.’ (non-mag.) Was thermoelectrically positive, while 
in the same fields a couple of Né (mag, vs. Né jon-mag.) Was 
thermoelectrically negative. 

Bidwell °°) found both nickel and tron couples, as above 
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above defined, thermoelectrically positive. The presence of 
iron in the nickel may account for this. 

Houllevigue °), 1896, measured the change in thermo- 
E.M.F. of ¢ron-copper and steel-copper couples in a magnetic 
field. In the case of the iron-copper couple, the E.M. F. first 
increased rapidly, reached a maximum, and then decreased 
and became zero at about 350 gauss, as indicated in Fig. 126, 
in which A EF is given in microvolts. 


Fig. 126. 


Houllevigue obtained this equation for the change of 
thermo-E. M.F. in zvon, with change of field and temperature, 
| 41350 A) 
| |rpoomeH: 

Accordingly AF changes sign when #H is greater than 350. 

In the case of a steel-copper couple, a longitudinal mag- 
netic field, up to 1200 gauss, always produced a decrease 
in the thermo-E. M.F., and this decrease was greater the 
higher the mean temperature of the couple. 

~The effect in a transverse field for the same couple was 
less marked, but of the same sign. 

Defregger #, 1897, measured the change of thermo- 
E.M.F. in a crystalline plate of bismuth in fields from 2000 to 
21,000 gauss. The following equation represented the change: 


AE 


: aE: 0'003392 4- 0°0000102 H, 
°O 


A — 16°! E (t, — t,) + 07508 (4,2 — #,?) 
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For a homogeneous erystal of bismuth, with heat-flow 
parallel to the principal axis, this equation held: 


AE 


BG = P001050 + 0:00001093 H — o'000000000000449 H?. 
0 


When the. heat-flow was perpendicular to the crystal 
axis, the change in E.M.F. was about 1/,, to 4/49 that when 
the flow was parallel to the axis. 

Lownds 44), 1901, gave the following comparison between 
his determination of the change of thermo-E. M.F. and that of 
Defregger (l.c.) for a erystal of bismuth in a magnetic field. 


| ' Crystal Axis | HT | Defregger | Lownds | 
| || to Heat Flow . 2375 2°26 % 2°55 %% | 
| 5 6100 6°05 8°54 | 


Rhoads (45), 1902, has shown that the thermoelectric power 
of zron against copper increased rapidly to a maximum in a 
magnetic field, and then diminished on further increase in the 
field, became zero at about 400 gauss, then changed. sign. 
The variation of the thermo-E.M.F. was similar to that shown 
in the curve of Houllevigue, Fig. 126. 

For nickel the thermo-E.M.F. decreased rapidly at first, 
and then, on further increase in field, seemed to approach 
a saturation value. 

In the case of zron the increase in the thermo-E. M.F. 
curve was analogous to the elongation curve due to mag- 
netization; while the decrease of the thermo-E. M. F. for 
nickel was similar to the contraction curve of the metal in 
a magnetic field. 

Van Aubel @7), 1903, examined the change in thermo- 
electric power of pure bismuth, and its alloys with lead, in 
the magnetic field. In a longitudinal field pure bismuth in- 
creased in its thermoelectric height. Traces of lead caused 
a decrease in the thermo-E. M.F., and further addition of lead 
reduced the E. M.F. below that of bismuth without the field. 
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In a transverse field additions of lead increased the 
thermo-E.M.F. without any change of sign. 

The change in the thermoelectric power of tron, nickel, 
and cobalt in a magnetic field, was determined by Bidwell ©, 
1904. The thermo-E.M.F. in some specimens of tron in a 
longitudinal field increased rapidly and reached a maximum 
between 100 and 200 gauss, then fell off, but did not reverse 
in fields from rooo to 1500 gauss; while in other specimens 
the thermo-E.M.F. changed sign in fields from 200 to 500 
gauss. The curves for the variation of the thermo-E.M.F. 
with field resembled in general those for the change of length 
in the magnetic field. 

The thermo-E. M.F. of nickel in the magnetic field 
decreased rapidly and soon reached a constant value. The 
curve for the contraction of nickel in the magnetic field closely 
resembled that for the change of thermo-E. M.F. 

The thermo-E. M. F. of cobalt increased in the magnetic 
field and approached saturation values in fields from 1000 to 
1500 gauss. The change in the thermo-E.M.F. of cobalt 
seemed to bear no definite relation to the magnetostriction of 
the metal. 

Both magnetized tron and nickel were found to be 
thermoelectrically positive with respect to the unmagnetized 
metal. 

Posejpal “429), rg09, found that couples of We-Zn and 
Fe-Cu, placed with the warmer junction in fields of from 
4,500 to 10,000 gauss, exhibited an E.M.F. of magnetization 
which was opposed to the purely thermo-E.M.F. When the 
cooler junction was in the field, the two E.M.F.’s were of 
the same sign. A Cu-Zn couple gave an E.M.F. in the field 
just the opposite to that of the other two couples. 

Posejpal maintained that the E. M. F. of magnetization 
was not simply a change in the thermo-E.M.F., but an 
independent E.M.F. He, however, stated that his experiments 
were not sufficient to show whether this E.M.F. of mag- 
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netization existed when the couples were absolutely at the 
same temperature throughout. 

The influence of the magnetic field on the thermoelectric 
property of zron and steel was observed by Cohen 3, rg09, 
with these results: 

1. For soft tron the magnetic field produced an increase 
in the thermo-E.M. F. 

2, For hammered steel the magnetic field produced a 
diminution in the thermo-E.M.F.; for tempered steel, an in- 
crease; while for annealed steel, an increase in weak fields, 
and a decrease in fields above 1000 gauss. 

3. In all cases the influence of the field disappeared at 
the temperature of the magnetic transformation of the metal. 

Grondahl and Karrer (77), 1911, observed that the thermo- 
E.M.F. of cron in a longitudinal field increased to a maximum 
between 300 and 4oo gauss, then decreased, but in fields up 
to 3000 gauss there was no reversal. : 

The thermo-E.M.F. of nickel and cobalt diminished 
rapidly and soon approached saturation values. 

In couples of Al-Cu and Zn-Cu no change in thermo- 
E.M.F. as great as 10 * volts could be detected. 

Bordoni 9), 1911, examined the change of thermo-E.M. F. 
of won, steel, and nicke in a magnetic field. Against the 
ferromagnetic metals he used weres of copper, silver, manganese, 
and x¢nc, and found that the change in thermo-E.M. F. was 
independent of the nature of the metal joined to the magnetic 
metals, as Houllevigue °°) had found before. 

In a longitudinal field, up to 1500 gauss, the thermo- 
FE. M.F. of von reached a maximum, then fell off, the curve 
indicating that the effect would reverse sign at somewhat 
higher fields. The maxima increased with the temperature. 
In the case of some of the curves for steel, after the maximum, 
there was a reversal of sign. 

For nickel the thermo-E.M.F. diminished rapidly in a 
longitudinal field, and approached saturation values. The 


MAGNETISM AND THERMO-E.M.F. 265 


decrease was greater for higher temperatures. Magnetized 
tron and nickel were both thermoelectrically positive with 
respect to the unmagnetized metal, while magnetized tempered 
steel was negative with respect to non-magnetized steel. 

K6nigsberger and Gottstein 97), 1915, measured the change 
in thermo-E.M.F. of szlicon against iron in a magnetic field 
of 5800 gauss, with the result that for one specimen 
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An increase in each case. This change in thermo-E.M.F. 
was found to be almost numerically equal to the increase in 


resistance, or NCTE ad 9 
ee (nearly). 
The two ratios were 
3) 5 2°6 ] 
-==—— (nearly). 
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Since the szlécon was joined to dron, and since others 
have claimed that the change in thermo-E.M.F. is due solely 
to the action of the magnetic field on the magnetic metal, 
probably the above change in E.M.F. should be attributed 
to the iron and not to silicon. 

The following expression for the change in thermoelectric 
force in a magnetic field was developed by La Rosa “457), rg19: 
(py =~ flog | [ a ~ (<2) Ht] nat 
in which Py and P, are thermoelectric power, ey and g, the 
specific resistance, respectively in and out of the magnetic 
field, and 1, the mean free path of an electron in zero field. 

The other letters have their usual significance. 

La Rosa “45°), rg19, measured the change in thermoelectric 
power and resistance of ismuth in a magnetic field, with 
the results given in the table below. 
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H AFP Ar | # ae Ar 
1% , | Fie , 
| 
1000 O'O15 — 5100 O'II5 0136 
1600 0°030 — 5900 0'127 O'172 
2100 07044 0'030 6600 0°137 0°207 
3150 0'067 o'061 7600 0'149 0°253 
3700 0'080 07082 CO g100 O'154 0°322 
4500 O'FOZ 4) “80.114 IOIOO O'157 0387 
dé Ws 
The relation here between a arid =~ “isea=clesevone, 
0 


and points to some intimate connection between the two 


changes in a magnetic field. 


2. Thermo-E. M.F. of Alloys in a Magnetic Field 

Spadavecchia (°), 1899, studied the influence of the 
magnetic field on the thermoelectric property of bismuth and 
its alloys with tin and lead. The addition of a small amount 
of tin to the bismuth caused the thermo-E. M.F. of a Cu-Bi-Sn 
couple to diminish in a constant field. Further addition of 
tin caused the E.M.F. to change sign and undergo several 
irregular variations. 

When small quantities of lead were added to the bismuth 
of a Cu-Bi-Pb couple, the thermo-E. M.F. in a constant field 
increased. Subsequent additions of lead caused a change in 
sign and irregular variations in the E.M.F. 

Guthe and Austin 3, 1906, sought for a change in 
the thermoelectric property of Heusler alloy in fields up to 
1000 gauss, and at temperatures from 0° to ro0®C. They 
concluded that, if there were any change in the thermoelectric 
property, it was less than o’5 microvolt. 

Grondahl and Karrer @?7), 1911, however, found that a 
longitudinal.magnetic field changed the thermoelectric property 
of the Heusler alloys of varying composition. In several of 
the alloys the magnetic field caused a steady increase in the 
thermo-E. M. F., with no decided tendency to saturation values. 
In several other specimens there was an initial decrease in 
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the E.M.F., followed by a reversal in sign, and then a con- 
tinued increase. In all cases, above weak fields, the change 
in thermo-E.M.F. was more nearly linear than is the case 
in the ferromagnetic metals. 

Grondahl °°), 1914, endeavored to find a relation between 
the change in thermo-E.M.F. in a longitudinal magnetic field 


and magnetostriction in Hewsler alloys. sahe ay curves all 


increased rapidly and approached saturation in moderately 
high fields; while some of the thermo-E.M.F. curves were 
positive and almost linear, and others passed through a small 
negative maximum, reversed sign, and then became linear. 
The magnetostriction decreased with rise in temperature, and 
disappeared at the transformation range; while the effect of 
the magnetic field on the thermo-E.M.F. changed with rise 
in temperature, but did not disappear at temperatures well 
above the transformation range. 


3. Change of the Peltier Effect in a Magnetic Field 
The change of the Peltier effect in a magnetic field is 
intimately connected with the change of thermoelectric power 
in the field. The equation for the Peltier effect is 


cB Dy 
IT — Do 
where 2 is the thermoelectric power of the metal outside 
the field. Then in the magnetic field 
are on ae 
Tl —— T OV ) 
; io (l’— E) 
and MW —H==T Uh . 


where Hand EZ’ are respectively the thermo-E. M.F.’s of the 
couple outside and within the magnetic field, and oT’ may be 
taken as (¢,—7#,), where ¢,, and ¢, are the temperatures at 
the junctions; and 7’ is in absolute temperature. 

Battelli 47), 1893, has shown that the Peltier effect in ¢ron 
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and in nickel is modified by the magnetic field. In a transverse 
field the Peltier effect in an tron-copper couple increased, 
rapidly at first, then less rapidly, as the field increased, 
followed by an approach to a saturated value. 

The increase in a néckel-copper couple was less than in 
the iron. 

In a longitudinal field the Peltier effect was increased 
both in zon and in neckel. The variation with the field was 
similar to that in a transverse field, but the change was 
greater, in the case of iron 2°5 timés as great, in nickel 
I'5 times as great. 

-Houllevigue @°%), 1896, measured the change in Peltier 
effect in zvon and steel in a magnetic field. In the case of 
wron the change in the effect increased to a maximum at 
about 100 gauss, then decreased and changed sign at about 


/ 


350 gauss, as shown in Fig. 127, where 100 7 is plotted 
against the field. 


0 300 600 900 =—:1200S«1500Ss«d 
Riga 7. 
From the equation 
; T 0(H'—E) 
WI —II 
J Seal 
and the empirical equation for AH or (£’—£), p. 261, 


Houllevigue deduced we: bes for iron: 


IT —ITI =— 107?}?. O22) paubE leo ci 
10 ee (125+ 101 if o0428 HS 
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He finds this equation gives values in close agreement 
with those observed, as shown by curve C, Fig. 127. 

The Peltier effect in soft steel, S, as shown in Fig. 127, 
decreases more and more rapidly as the field increases. 

The curves in Fig. 128 show that the maximum increase 
in the Peltier effect in cron in the magnefic field increased 
with the temperature. 
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Fig. 128. 
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Pochettino ‘7), 1899, investigated the change in the 
Peltier effect of an dron-copper couple in a longitudinal mag- 
netic field. The effect increased to a maximum in a field of 
about 98 gauss, decreased, and passed through its normal 
value at about 345 gauss. These results are confirmatory of 
Houllevigue’s observations. | 

The change in the Peltier effect of bésmuth against 
copper in a magnetic field was measured by Borelius and 
Lindh 95), 1917. The change produced by a field of 2300 gauss 
varied from A II = 0:042 x 107? cal./coulomb, 
to GEO O26) aus a 
according to the direction of the current and of the field with 


respect to the crystal axis of the lesmuth. 
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ADDENDUM. 


HALE’S GATEST THEORY OF THE BALL ais em. 


In his latest theory of the Hall effect, Hall #9), 1923, 
postulated the presence of two transverse streams of electrons 
in a metal plate placed in a magnetic field. One of the 
streams consists of the free electrons, which gives rise to a 
negative Hall effect, R;; while the other stream consists of 
associated electrons, and produces a positive effect, Ry. One 
or the other of these effects will generally predominate, 
according to the kind of metal, its physical condition and 
temperature, and the strength of the magnetic field. 

The expression for the free electron effect is given as: 

Rr = — (6°28 d'- x) —kT°s, 
in which d’-x is the mean free path of the electrons at 
‘temperature 7, x = A)n's, Ay the mean free path at 0° C, 
n the number of atoms per c.c., and k the specific con- 
ductivity, which is equal to the sum of the partial conduc- 
tivities, hg and ky. 

The observed Hall effect, R, is given by the equation: 
From this relation R, may be computed. 

Taking into account the parts played by the two kinds 
of electrons, Hall deduced certain definite relations that should 
exist between the Hall and Ettingshausen effects, between 
the Hall and Nernst effects, and between the Nernst and 
Righi-Leduc effects. 


R= fy: 
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APPENDIX 


ELECTRONS AND ATOMS 

While it is not the province of this treatise to discuss 
the electronic structure of the atom, nor to take up the va- 
rious electron theories of heat, electricity, and magnetism, yet 
it seems worth while to point to some works on these subjects. 

It is probable that satisfactory explanations of the phe- 
nomena treated in this monograph cannot be,had, until the 
internal structure of the atom and the interaction of atom and 
electron are better understood. 

To this end the works of the following authors are re- 
ferred to in the Bibliography: 


1. On Electronic Structure of the Atom 
‘Larmor G°9), 1900; Kelvin 635), 1902; Abraham ®, 1903; 
Thomson (Sir J. J.) 6?8-9), 19041914; Lodge (333), 1903, 1906; 
Rutherford (9-5), 1905—1920; Bohr ‘75—®), 191 11913; Barkla(), 
191r; Broek (s00—2) 1913; Moseley 8), 1913; Nicholson G8), 
1914; Herzfeld @5*), 1915; Kossell 6°), 1916; Lewis 67°), 1916; 
Langmuir 3%), 1919; Crehore “34—5), 1917—1920; Ruther- 

ford (464-5), 1911-1920; Sommerfeld °°), rg2r. 


2. On Electronic Conduction 

Riecke (436-442), 1881-1915; Voigt %°-?), 1898— 1902; 
Drude (49-52), rgo00—1905; Lorentz (339-4), 1903, 1905; Gans), 
1906; Weiss (573-®), 1907—1911; Jeans 7°), 1909; Thomson 
«(Sir J. J.) G2» %7, rg00o—1915; Zahn 3), 1913, 1914; Richard- 
son 432-4), rg12—1915; Hall 4+ %, 1914, 1917; Borelius 3), rgrg. 

Extended references to works on electrons and electronic 
theories may be found in Jons, Electrons, Corpuscles, 2 vols., 
Paris, 1905; and in Jahrbuch der Radioaktivitat und Elektronik, 
Leipzig, 1904—1923. 
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